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ABSTRACT
Discovery of a Novel Oocyte-Specific KRAB-Containing Zinc Finger Protein
Required for Early Embryogenesis in Cattle
Jacqelyn M. Hand
Much of the loss of potential offspring in cattle is concentrated in the early embryonic
period. Maternal mRNAs that accumulate in the oocyte during oogenesis have important
functional roles during the initial stages of embryonic development, before embryonic genome
activation. It is well regarded that the oocyte plays an active role in regulation of key aspects of
the reproductive process required for fertility. What is more, oocyte-specific transcription factors
seem to be the controlling feature influencing germ cell success throughout oogenesis, fertilization,
and early embryonic development. Of the remarkably diverse array of transcription factors
encoded by mammalian genomes, about two-thirds encode C2H2 zinc-finger proteins.
Zinc finger proteins exclusively expressed in mammalian oocytes have not been reported.
Deep sequencing of a bovine oocyte library revealed a highly abundant transcript that matches an
uncharacterized gene in the NCBI database. cDNA cloning of the novel ZNFO gene revealed a
transcript containing a 2,145 bp open reading frame that codes for a protein of 714 amino acids
with a conserved KRAB domain at the N-terminus and nine zinc finger motifs at the C-terminus.
The individual ZNF motifs fit the conserved two cysteine-two histidine sequence model. ZNFO
mRNA was detectable in fetal ovaries and was undetectable in all somatic tissues analyzed,
including granulosa and theca cells. Real-time PCR analysis revealed ZNFO mRNA is highly
abundant in GV and MII stage oocytes as well as in pronuclear to 8-cell stage embryos but
undetectable in blastocyst stage embryos. Immunohistochemical analysis detected ZNFO protein
in oocytes throughout folliculogenesis. Identification and characterization revealed the novel
ZNFO is a KRAB-containing maternal-effect gene found exclusively in bovine oocytes.
To elucidate the functional role of ZNFO, zygotes were generated by in vitro maturation
and fertilization of oocytes and injected with small interfering RNA (siRNA) designed to
knockdown ZNFO. Cleavage rates were not affected by ZNFO siRNA injection. However,
embryonic development to 8- to 16-cell stage and blastocyst stage was reduced significantly
relative to the uninjected and negative control siRNA-injected embryos. Furthermore, interaction
of ZNFO with the highly conserved transcriptional repressor co-factor (KAP1) was demonstrated
by GST pull-down, and evidence supporting transcriptional repression by ZNFO using a GAL4luciferase assay. In addition, transfection studies verified that a ZNFO-GFP fusion protein
localizes specifically to the nucleus, further supporting the proposed function in transcriptional
regulation. These studies demonstrate that ZNFO is a maternally-derived oocyte-specific factor
required for early embryonic development in cattle, which has a functional role as a transcriptional
regulator required during early embryogenesis by repressing transcription, possibly controlling
activation of the embryonic genome.
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REVIEW OF LITERATURE

1

INTRODUCTION
The ability of the bovine embryo to reach the blastocyst stage and ultimately develop into
a healthy offspring is a complex and highly regulated process. The intrinsic quality of the oocyte
must first be highly regulated and includes the capacity of the oocyte to resume meiosis, cleave
following fertilization, develop to the blastocyst stage and implant, and develop to term in good
health

1-4

. Zinc finger (ZNF) transcription factors are known to interact with DNA through zinc

finger motifs and play important roles in a variety of cellular functions, including cell growth,
proliferation, development, apoptosis, and intracellular signal transduction. Limited data exist on
this form of transcriptional regulation during oogenesis and early embryonic development. The
KRAB-ZNF-KAP1 repression system is one of the best-characterized systems for gene-specific
silencing of euchromatin in mammals. Moreover, the abundance of the KRAB domain zinc-finger
proteins in the mammalian proteome5,6 and the diverse array of DNA sequences that they
recognize7,8 potentially make this family of gene-specific silencers a master regulator of gene
silencing during cellular differentiation and organism development.
Despite their vast occurrence, KRAB-ZFPs and their transcriptional targets are remarkably
obscure. The substantial prevalence and diverse functional roles of zinc finger transcription factors
may actually be quite overwhelming. This chapter, however, focuses first on highlighting basic
knowledge on the formation of germ cells and subsequent oogenesis and folliculogenesis, followed
by a summary of maternally regulated factors and events involved in the maternal-to-zygotic
transition (MZT). The second part of this chapter is a review of zinc finger transcription factors
with major emphasis placed on the C2H2 class of KRAB-containing ZNFs and their functional
roles during germ cell- and early developmental-events. This background knowledge should
stimulate thoughts on how KRAB-ZNFs may regulate the processes in the oocyte and early
embryogenesis in cattle.

2

GERM CELL FORMATION AND OOGENESIS
1. Germ Cell Formation
In mammals, germ cell lineage is not “pre-determined” but rather follows epigenic
mechanisms in which external signals from the surrounding somatic cell line induce germ cell
development9,10. In the other underlying mechanism of germ cell development, “pre-formation”,
the germ cell lineage is set aside from the somatic lineage very early in development. In many
species, including Drosophila melanogaster, Danio rerio, and Caenorhabditis elegans, preformed germ line determinants are absorbed into cytoplasmic “germ plasm” of fertilized ova at the
time of cell division and subsequently develop into germ cells9-11. Mammalian germ cells are
generated in extraembryonic tissues during early development and migrate to the future gonads
during cell proliferation. These germ cells are known as primordial germ cells (PGCs) and have
the potential to differentiate into either sperm or ova. The remarkably unique feature of this process
is that upon entering the gonads the germ cells remain bipotential despite the chromosomal content
(XX or XY) until sex determination occurs under the influence of the surrounding somatic cells.
Generation of Primordial Germ Cells
Germ cell fate is induced in pluripotent epiblast cells in response to signals from
extraembryonic tissues, such as the extraembryonic ectoderm and visceral endoderm.
Specification of PGCs involves the integration of three main events: a) repression of the somatic
program, b) reacquisition of pluripotency, and c) genome-wide epigenetic reprogramming. An
important point to note regarding specification of the germ cell lineage is that no cells of the
epiblast are predetermined as PGC precursors. The epiblast cells are not irreversibly allocated to a
specific cell lineage but rather can be induced to give rise to PGCs in a site-specific manner12.
Therefore, extrinsic signals from surrounding somatic cells are required for the generation of the
germ cell lineage13.
Primordial germ cell specification, around E5.5 in mice, begins with bone morphogenetic
protein (BMP) signals that originate from the extraembryonic ectoderm (BMP4 and BMP8B)14
and visceral endoderm (BMP2)15. The BMP signals act upon the adjacent proximal epiblast to
3

establish a region permissive for the formation of PGC precursors9. These cells are not considered
founder PGCs because not all of their descendants will go on to become gametes. Only a subset
of cells will continue on to express the transcriptional repressor proteins PR-domain containing 14
(PRDM1; also known as BLIMP1) and PRDM14. Both are PR domain-containing proteins that
are considered to be key determinants of PGC specification16-19. PRDM1 is a zinc fingercontaining DNA-binding transcriptional repressor that has been shown to be critical for repression
of somatic genes, likely by shutting off the default pathway that allows epiblast cells to assume a
somatic cell fate, and thereby induces the germ cell lineage16,18. Also, PRDM1 is required for
reactivation of potential pluripotency and control of epigenetic reprogramming20. Similar to
PRDM1, PRDM14 is required for specification, however, it does not seem to be critical for
suppression of the somatic lineage19.
Re-acquisition of pluripotency is marked around E6.25 in mice when the pluripotencyassociated gene products Pou5f1, Nanog, and Sox2 are detected in PGC precursors21. Around
E7.25 in mice the approximately first 40 founder PGCs are established. Then, at approximately
E8.0, rapid erasure of DNA methylation and reduced H3K9 dimethylation in germ cells preceded
by the transient loss of DNA methyltransferases DNMT1, DNMT3A, and DNMT3B, all of which
are major repressive modifications for gene expression22. About E8.75, germ cells substantially
increase levels of repressive H3K27 trimethylation, a modification typically regarded with
pluripotent cell lineages and, therefore, may be associated with reacquisition of underlying
totipotency 22.
Migration and Colonization of the Gonads by PGCs
By E7.5-8.5 in mice, the PGCs are proliferating rapidly and begin to migrate as a group
into the developing hindgut. Initiation of this mesoderm-to-endoderm migration still remains
unknown. From about E10.5, PGCs undergo a directed migration away from the hindgut and move
into the genital ridges where they undergo massive proliferation. The growth factor, kit ligand
(KITL), is considered a required factor for the survival and proliferation of PGCs but is also
required for PGC migration23. As PGCs migrate out of the hindgut, they express the adhesion
molecules E-cadherin and β1-integrin that are necessary for their colonization of the genital ridges
4

through germ cell-germ cell interactions and germ cell-extracellular matrix interaction,
respectively24,25.
The initially bipotential genital ridges continue development along the medial surface of
each of the mesonephroi until around E10.5 where the presence or absence of the Y-linked gene,
Sry, determines organ fate. Under the influence of sex determining region-Y (SRY), XY genital
ridges begin to develop as testes and, in the absence of SRY, XX genital ridges begin to develop
as ovaries. If SRY is not expressed early enough or at high enough levels, it is unable to overcome
the default pathway of ovarian development26. It is into this dynamic environment of a bipotential
primordial organ reorganizing as either a testis or an ovary that the PGCs arrive. The bipotential
PGCs (soon to be either oogonia or prospermatogonia) continue to proliferate by mitotis divide for
2-3 days upon entering the genital ridges. Differences between the somatic components of the
ovaries and testes are evident by E12.5; however, the germ cells remain undistinguishable as either
sex until E13.5.
At E12.5-13.5 in mice, commitment to either the male or female program of development
is established. By committing to a female program, germ cells will migrate in a developing ovary,
cease mitosis and enter prophase of the first meiotic division and thus become oocytes. They
progress through the different stages of meiotic prophase I (leptotene, zygotene, pachytene, and
diplotene) until they reach dictyate arrest around the time of birth 27,28 marking the transition from
oogenesis to folliculogenesis.
2. Oogonial Maturation / Oogenesis
Primordial & Primary Follicle Development
During embryonic development, primordial germ cells are enclosed by presumptive
follicular cells, although there is no evidence of surrounding granulosal cells, and are called
oogonia, which develop in nests (also referred to as clusters or cysts). Assembly of these primordial
oogonia into follicles (known as primordial follicle formation) requires a transition from the nests
into primordial follicles. At birth in rodents, follicle formation occurs coincidently with a
synchronous, initial wave of follicle activation and growth29,30, and the oocytes become surrounded
5

by a single layer of flat squamous pre-granulosa cells. These are primordial follicles. The number
of germ cell clusters then declines very rapidly after birth31. In contrast to rodents, most domestic
species and primates (including human), follicle formation is initiated during fetal life and emerges
in an asynchronous pattern over a relatively long period of time32,33. Over the course of this time,
a portion of primordial follicles are activated and begin to develop, and, at the same time, other
follicles are just beginning to be formed.
In fetal calf ovaries, primordial, primary (single layer of cuboidal granulosal cells (GCs)),
and secondary (two to four layers of cuboidal GCs) follicles first appear at approximately days 90,
140, and 210, respectively, of gestation34. In the adult ovary, primordial follicles are located just
underneath the epithelial surface in the periphery. The primordial follicle pool exists in a quiescent,
naturally arrested state at prophase I of meiosis until stimulated to grow, in which case some
follicles leave the arrested pool and undergo the primordial to primary follicle transition35. This
transition is characterized by a change in GCs from squamous to proliferative cuboidal-shaped
morphology and an increase in oocyte diameter36-38; however, the follicle itself is not yet
proliferative nor does it undergo mitosis. The bovine oocyte and follicle continue to grow in
parallel until the follicle reaches a diameter of ~ 3 mm, during which the oocyte increased in size
from < 30 µm in the primordial follicle to > 120 µm in the tertiary (> 5 layers of GCs; formation
of an antrum) follicle35,39. Thereafter, the growth of the oocyte plateaus at about 120-130 µm, while
the follicle grows up to 15-20 mm in diameter before ovulation. During this growth phase, a series
of modifications are induced that are necessary for the acquisition of meiotic and developmental
competence35,39. Even prior to the series of complex events encompassing early embryonic
development, the intrinsic quality of the oocyte must first be sufficient for fertilization.
Endocrine Factors, Growth Factors, and Communication Networks
As the basic functional unit of the ovary, the follicle is composed of somatic cells,
granulosal and thecal cells, and the developing oocyte, both of which work together to control and
maintain gametogenesis. Folliculogenesis is the process of growing a follicle through a series of
highly regulated, sequential steps that result in either ovulation of a developed oocyte or death of
the follicle (atresia). Granulosal and thecal cells are the site of action and synthesis of several
6

hormones that promote regulation of follicular development. As the follicle grows,
cytodifferentiation requires the attention of various hormones and growth factors. The delicate
interaction between the somatic cells and the developing oocyte is controlled through several
endocrine factors: the gonadotropins [follicle stimulating hormone (FSH) and luteinizing hormone
(LH)40], autocrine and paracrine factors (transforming growth factor-β (TGF-β) family members41
including inhibins/activins42), the insulin-like growth factor (IGF) system43, epidermal growth
factor (EGF)44, and gap junctional communication (connexins)45. Proliferation of these cell types
is largely responsible for the development of the antral ovarian follicle.
Granulosa cells also regulate the biosynthesis of two critical steroids, estradiol (E2) and
progesterone (P4), in primate, domestic, and rodent species. As the growing follicle develops, GCs
differentiate and increase E2 production, as FSH promotes follicular development. Prior to
reaching ovulation, the GCs develop an increased capacity to synthesize and secrete P4 under the
control of LH. Thecal cells, which are separated from the outermost layer of neighboring mural
GCs by a basement membrane, play a major role in androgen secretion. Thecal cells respond to
LH by increasing the production of testosterone following expression of LH receptors around the
tertiary follicle stage. Like GCs, thecal cells produce progestins under gonadotropin control. In
contrast to secondary, preantral and antral follicles, the primordial follicle stage GCs are
gonadotropin hormone-independent and are non-steroidogenic. Further, at the primordial stage, no
theca cells are present; albeit, during the transition to the primary stage, thecal cells are recruited
to the follicle as precursor gonadotropin-independent non-steroidogenic cells. Shortly following
primary follicle assembly theca cells are recruited from the stromal-interstitial cell population
resulting in a subsequent proliferation of both granulosal and thecal cells36.
Meiotic Maturation
Oocytes gradually and sequentially acquire competence throughout folliculogenesis by
synthesizing and accumulating transcripts and proteins that are necessary for successful meiotic
competence during follicular development, fertilization and subsequent embryogenesis4,46. Oocyte
meiotic maturation is a complex phenomenon, which occurs from the diplotene stage of meiotic
prophase I through metaphase II (MII). On reaching the diplotene stage, which occurs around day
7

170-post conception in cattle47, the oocyte becomes developmentally arrested. The oocyte at this
stage is characterized by a single surrounding layer of pre-granulosa cells and an intact basal
lamina forming the resting primordial follicle. The primordial follicle-enclosed oocytes make up
a finite population of stored of oocytes, which remain non-growing and quiescent until stimulated
to grow29. The capacity of a primordial follicle to activate and develop to the primary stage follicle
is correlated with achievement of meiotic arrest in the oocyte34, which is maintained until the
follicular development of a pre-ovulatory follicle. In contrast, germ cells in a developing testis do
not enter meiosis during fetal life but instead arrest in G0/G1 phase of the cell cycle48.
During the pre-antral to antral transition, however, the oocyte acquires the capacity to
resume meiosis49 in response to the ovulatory LH surge and within hours germinal vesicle
breakdown (GVBD) occurs. Meiotic competence is associated with the accumulation of cell cycle
regulatory factors, reorganization of chromatin and microtubule configurations, as well as
expulsion of the first polar body50. Granulosa cells in the preovulatory follicle change gene
expression patterns in response to the LH surge and indirectly stimulate oocyte meiotic maturation
and ovulation of a metaphase II-stage oocyte that is competent to undergo fertilization, and now
therefore considered mature50. In most mammalian species, oocytes remain arrested at the MII
stage until activated by fertilization and subsequent formation of the pronucleus (the nucleus of
the egg (or sperm) prior to their fusion). The ability of the oocyte to complete meiosis is known as
meiotic competence and, as described, this process is acquired gradually during growth of the
follicle.

8

MATERNAL CONTROL OF EARLY EMBRYOGENESIS AND EMBRYONIC
GENOME ACTIVATION
Early embryonic development is considered one of the most critical periods in mammalian
development and comprises several important transitions including replacement of maternal RNAs
with zygotic RNAs, compaction, the first lineage differentiation into the inner cell mass and
trophectoderm, and, finally, implantation. Various physiological processes and biosynthetic
changes regarding genomic activity take place during this early time. Among these events is the
first important developmental transition that occurs following fertilization at which time the
embryo switches from using transcripts derived from the maternal genome to those resulting from
embryonic genome activation (EGA)51. Mammalian oocytes harbor a vast collection of mRNA
and proteins throughout oogenesis that orchestrate subsequent embryonic development. During
oocyte meiotic maturation and the early stages of embryonic development, the transcriptional
machinery for this collection of molecules is silent; therefore, any events that sustain the
embryonic genome prior to the onset of EGA are regulated by the translation of pre-existing
maternal transcripts52. As development progresses, control is switched from maternal- to
embryonic-derived transcription and accumulation of proteins and is referred to as the maternalto-embryonic transition (MET). The characteristic events of MET begin at fertilization and include
depletion of maternal transcripts and protein by degradation, dramatic reprogramming of both male
and female genomes from a repressed chromatin state to one that is open for transcription,
replacement of maternal transcripts stored in oocytes by embryonic transcripts, and finally the
robust activation of the embryonic genome53,54.
1. Maternal-Derived Factors Controlling Early Embryogenesis
Maternal factors; such as subcellular organelles, macromolecules, and maternal-effect
genes; are stored in the oocyte and have accumulated throughout oogenesis. The MET is dependent
on these factors for successful outcome of early embryonic development. The meiotic spindle, for
example, is responsible for proper segregation of chromosomes during cell division. Therefore,
defects to the spindle may lead to errors in chromosome segregation and generate aneuploidic
embryos55.
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Maternal-effect genes mediate their effects through deposition of cytoplasmic transcripts
or protein products during oogenesis in the female germline. These accumulated products then
exert their effects on the fertilized zygotes until major activation of the embryonic genome.
Needless to say, maternal-effect genes are critical for early embryonic development. The number
of maternal-effect genes found to be essential for early embryogenesis is continuing to grow.
Various technical strategies (such as microarray, gene-knockout, and RNA interference (RNAi))
have been used to identify products of maternal-effect genes that are stored during oogenesis and
used to regulate MET. Recall that maternal factors have several prominent roles during MET53,54,
including removal of maternal RNA and protein, reprogramming of male and female genomes,
and embryonic genome activation.
Oocyte-Specific Transcriptional and Post-Transcriptional Regulators
Oocytes gradually and sequentially acquire competence throughout folliculogenesis by
synthesizing and accumulating transcripts and proteins that are necessary for successful follicular
development, fertilization and subsequent embryogenesis46. These early stages are critical because
many oocyte-specific genes are transcribed during the primordial to primary follicle transition and
continue to be expressed throughout folliculogenesis. As identified by molecular genomic and
gene knockdown studies, several oocyte/germ-specific transcription factors such as Nobox
(Newborn ovary homeobox)56, Figla (Factor in the germline alpha)57, Obox (Oocyte-specific
homeobox), Sohlh1/2 (spermatogenesis and oogenesis specific basic helix-loop-helix 1 and 2)58,59
and Lhx8 (LIM homeodomain transcription factor 8)60, RNA binding proteins such as Ybx2 (Y box
protein 2)61, Dazl (deleted in azoospermia-like autosomal)62 and Cpeb1 (cytoplasmic
polyadenylation element binding protein 1)63, and growth factors Gdf9 (Growth differentiation
factor 9)64 and Bmp15 (bone morphogenetic protein 15)65, which are found throughout
folliculogenesis, maintain normal development of germ cells and surrounding somatic cells
essential for mammalian folliculogenesis66-69.
Several factors have been found to play key roles within the MET developmental
transitions in mice: transcription factors (Hsf1, Basonuclin, and Ctcf) chromatin remodeling factors
(Ring1, Npm2, Trim24, and Brwd1), DNA methylation machinery (Dntm1, Dppa3, and Zfp57),
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genes involved in degradation of maternal factors (Dicer1, Ago2, and Atg5), pluripotency factors
(Oct4 and Sox2), and genes involved in the preimplantation development (Mater, Zar1, Floped,
Dppa3, Oct4, Npm2, Padi6, and Filia). These factors highlight the functional contribution of
oocyte-derived transcriptional and post-transcription regulators to early embryogenesis in mice;
however, inherent species-specific differences exist. The duration and number of cell cycles to
accomplish embryonic genome activation and complete MET likely varies between mice and cattle
in the specificity of regulatory mechanisms and genes that control this transition70. Comparative
genomics and functional studies in the bovine model system have uncovered the existence of a
few novel bovine oocyte-specific genes that are required for early embryogenesis such as
KPNA771, Follistatin72, and JY-173, and the known NOBOX74.
2. Post-Fertilization and Embryonic Genome Activation
Primordial germ cells (PGCs) during gametogenesis establish a set of highly regulated
epigenetic marks. These marks are sex-specific and display distinct global and specific DNA
methylation patterns75,76. As gametes mature, the haploid male and haploid female genomes
become transcriptionally quiescent. Fusion of the oocyte and spermatozoon at fertilization signify
one of the greatest biological events in which these highly differentiated germ cells are
reprogrammed to the totipotent 1-cell zygote status. As both genomes undergo dynamic changes
during MET, they are reset to support a variety of embryonic developmental events including
maintenance of epigenetic modifications, depletion of maternal mRNA transcripts, activation of
the newly formed embryonic genome, and cell specification.
Epigenetic Reprogramming
Chromatin organization between the maternal and paternal pronuclei shortly after
fertilization is strikingly different. An evident asymmetry of DNA demethylation and histone
modification patterns are signatures of this time77. Active DNA demethylation occurs in the male
pronucleus prior to the onset of DNA replication. Protamines, that have tightly packaged the
haploid sperm DNA during this wide-spread paternal demethylation, are repackaged with
hyperacetylated maternal histones to form the male pronucleus78,79. After syngamy of the two
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pronuclei, the zygotic genome undergoes passive demethylation until the morula stage80. This
occurs in a DNA replication dependent fashion. Thereafter, de novo methylation arrangements are
established to sustain successful cell lineage differentiation78,79. Epigenetic reprogramming, as
such, is believed to resolve the discrepancy of maternal and paternal chromatin and ensure the
successful transition from differentiated to totipotent zygote.
Because of the period of transcriptional quiescence in early embryos before embryonic
genome activation, maternal proteins stored during oogenesis are likely required for epigenetic
reprogramming in early embryos. Several maternal proteins have been described as required
factors for epigenetic reprogramming including Tet methylcytosine dioxygenase 3 (Tet3) for
active DNA demethylation, developmental pluripotency-associated 3 (DPPA3) for maintenance
of DNA methylation, and H3.3 (H3 histone, family 3A and 3B) for reprogramming and
decondensation of chromatin53,54. Such nuclear reprogramming is a requirement to activate the
transcriptionally inactive embryonic genome.
Embryonic Genome Activation
Initially, the maternal genome regulates nearly all aspects of early development. Basic
biochemical processes that implement early development events such as meiotic maturation,
fertilization, the first cleavage divisions, and programming the EGA are totally dependent on the
maternal mRNAs and proteins derived within the oocyte. The preservation of maternal transcripts
from a period that is transcriptionally silent to one that is reliant on the resulting maternal proteins
dictates the ability of the zygotic genome to activate and reprogram and sustain its own
transcriptional products81. At the onset of EGA initiation, the destruction of maternal mRNAs
begins by maternally encoded products

52,82

. Embryonic genome activation then initiates zygotic

transcriptional activity within the embryonic nucleus leading to the synthesis of new mRNA and
proteins52. In other words, initiation of gene expression and regulation of the embryonic genome
becomes largely controlled by products of the embryo. Adjustments in chromatin structure can
control the activity of transcription factors by permitting or restricting their access to regulatory
elements of the genome but are not sufficient to activate transcription. The oocyte cytoplasm also
holds an important role in transcription activation by providing active transcription factors and
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RNA polymerase II. Oocyte-stored products are largely responsible for regulating this process by
altering the chromatin structure to a state in which the transcription start site (TSS) of target genes
is uncovered83.
Although the primary mechanisms controlling the onset of EGA are considered to be
generally conserved in mammals, differences in timing confirm it is a distinct species-specific
event that takes place during the first few cell cycles post-fertilization around 2-cell stage in mice,
4- to 8-cell in human, rat and pig embryos, and 8- to 16-cell stage in sheep and bovine embryos8486

. Bovine in vitro culture systems demonstrate that a developmental block arises around the 8-cell

stage in embryos treated with α-amanitin, an inhibitor of transcription87. Namely, progression to
the 8-cell stage is transcription-independent as embryos can develop to this stage in the presence
of α-amanitin, indicating a requirement for embryonic transcripts for further development past this
stage. Thus, EGA is considered to be the most critical event for early developmental viability.
Preceded by a minor genome transcription, EGA occurs gradually, followed by a recently proposed
third successive overlapping wave of gene expression termed “mid-preimplantation gene
activation” (MGA), which may play a critical role in cell polarity and the first cell lineage
specification88. In bovine embryos, minor EGA occurs as early as the 2-cell stage85, a transition
that is necessary for genome reprogramming and acquisition of totipotency by the embryo.
Therefore, proper EGA is critical for normal development to commence81.
Due to the apparent importance of proper regulation of EGA, many studies have focused
on mechanisms of EGA including gene expression profiles during the maternal-to-zygotic
transition81. In a RNA-sequencing study of bovine oocytes and embryos, embryonic transcripts
not present in oocytes were analyzed for gene ontology (GO) terms and compared at different preimplantation stages89. Genes activated at the 4-cell stage or before were functionally classified in
RNA processing, translation, and transport as the first transcriptional activity before the major
EGA. Classification of the 8- to 16-cell stage activated genes revealed primary functional roles in
the initiation of transcription and translation, as well as with the continuous degradation of
maternally stored RNAs and proteins, which fits well the known idea of major EGA events89.
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At the 16-cell stage, the functions of the activated genes become diversified and targeted.
Regulation of glycolysis, RNA splicing, ATP biosynthetic process, negative regulation of
transcription, and transcription initiation/elongation from RNA polymerase II promoter are
examples implicating the maintenance of transcription and translation and the initiation of
metabolic processes. By the morula to blastocyst stages, the majority of genes activated clearly
were involved in the first differentiation processes and the ongoing transcription and translation
required for cell specification89.
Tight coordination of many factors acting at several regulatory levels control the diverse
range of genes expressed, both spatially and temporally, during MET and, more specifically, EGA.
Each of these levels brings its own finely tuned skills, whether it be a cis-acting DNA sequence
motif, a DNA methylation state, a set of post-translationally modified histones, or binding of a
transcription factor. All of these elements and many others communicate and work together to
configure the genome for the complex events of the maternal-to-embryonic transition.
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ZINC FINGER TRANSCRIPTION FACTORS
1. Transcription of Eukaryotic Protein-Coding Genes and Zinc Finger Transcription Factors
Transcription Factor Repertoire of Eukaryotes
Cellular life depends on the ability to recognize and respond to an array of diverse external
and internal signals and successively carry out the appropriate molecular-level function in
response. The transcriptional regulatory system is an exceptionally complex process that ensures
the correct expression of specific genes. As master regulatory elements, transcription factors (TFs)
often are identified as controllers of many biological processes ranging from cell cycle progression
and maintenance of intracellular metabolism to cellular differentiation and development. Initially
thought as a relatively simple explanation for gene expression, cell differentiation, and
homeostasis, updated genomic analyses have uncovered that TF mechanisms in fact, are, quite
complicated and varied.
Early molecular genetic and biological investigations led to the basic knowledge of
transcriptional control; many diverse proteins working to initiate successful transcription by RNA
polymerase. General transcription factors and co-factors regulate the assembly of transcriptioninitiation complexes and the rate at which transcription is initiated, while a variety of enzymes
modulate chromatin structure via changes in DNA methylation and histone modifications. Also, a
multitude of sequence-specific DNA-binding TFs direct transcription initiation to specific
promoters90. Researchers over the past 15 years have provided further complementary information
regarding the function and organization of TFs since the sequencing of species complete genomes
and development of whole-genome high-throughput technologies have evolved6. For example,
analysis of the human genome predicted approximately 2,300 genes coding for the basic
transcriptional machinery (nucleic acid enzymes and roughly 1,800 sequence-specific DNAbinding TFs)5. Most human TFs are unannotated; however, GO findings suggest the most highly
represented regulatory functions include control of developmental processes and cellular
processes6.
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Classification of TFs commonly is organized based on the structure of their DNA-binding
domains91. Arranging TFs in such a system has been useful for simplifying comparisons of
different modes of TF recognition, binding specificities to DNA sequences, and insights into their
evolutionary histories. Three types of TF families dominate over 80% of the TF repertoire in
human and mice genomes: the C2H2 zinc finger, homeodomain, and helix-loop-helix6,92.
Zinc Finger Transcription Factors
The term “zinc finger” was first used as laboratory jargon after the discovery of a
remarkable 30-residue, repeated sequence motif found in an unexpectedly abundant Xenopus
laevis transcription factor, because it folded around a zinc ion to form a mini-domain that grasped
the DNA93. Before current expression technology, studying TFs was challenging because TFs are
present in small quantities in the cell. Fortunately, eukaryotic transcription factor IIIA (TFIIIA)
turned out to be expressed at a very high level in Xenopus immature oocytes as a storage particle
complexed with 5S RNA94.
Zinc finger transcription factors (ZNFs) come in a variety of structural classifications based
on their ligand geometry and the ligand structural properties around the zinc ion-binding site. The
spatial arrangement of secondary structural elements that contribute zinc ion coordination
constitute the classification of the fold groups and, therefore, share common structural features and
even functionality but are not necessarily related95. Famously, C2H2-like ZNFs are highly
abundant and the most studied. All structurally similar in that they form finger-like protrusions
and are supported by a zinc ion, groups such as C2H2-like, the Gag knuckle, treble clef finger, and
zinc ribbon vary by their zinc ion-binding ligands (i.e. CCHH for C2H2-like ZNFs vs. CCHC for
Gag knuckle ZNFs), ligand placement within the structure, and secondary structure organization
[α-helices, β-sheets, turns (zinc knuckle), and loops]95.
2. The C2H2 Class of Zinc Finger Proteins
The two cysteine and two histidine residue (C2H2) zinc finger proteins represent the largest
family of transcription factors encoded by the human genome6 and appear to be the dominant
family of regulatory proteins in all mammalian genomes. C2H2 zinc finger proteins contain from
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1 to more than 30 individual zinc finger motifs and are defined by the presence of the consensus
sequence Φ-X-Cys-X(2-4)-Cys-X3-Φ-X5-Φ-X2-His-X(3-4)-His, where X represents any amino acid
and Φ represents a hydrophobic residue96. Twenty-five of the 30 amino acids in the repeat motif
fold around a zinc ion to form a small independent domain, the “finger,” and the remaining five
amino acids set up the linkers between consecutive fingers. Often, the structures of small protein
domains are stabilized by the formation of disulfide bonds or by binding metal ions. Two cysteine
and two histidine residues tetrahedrally coordinate a zinc ion to fold the domain into the fingerlike projection97. In addition, each repeat contains three other conserved hydrophobic residues,
namely Tyr6/Phe6, Phe17, and Leu23 that possibly function to form a hydrophobic clustered core
that stabilizes the compact finger module98. Within a 30-amino acid repeat, a high concentration
of basic and polar residues lies between the second cysteine and the first histidine implicating this
region as the specific nucleic acid binding region99. The seven conserved residues of each ZNF
domain forms a tertiary structure composed of two antiparallel β-sheets followed by an α-helix
that creates a left-handed ββα-module99. The two cysteine ligands form the loop located within the
β-hairpin, at the zinc knuckle, and the two histidine residues are found on the C-terminal end of
the α-helix95.
Binding of the zinc finger motifs occurs though sequence-specific DNA recognition to the
promoter regions of genes100. Of all the confirmed target DNA binding sequences recognized by
zinc fingers, not one, or even several, conserved consensus sequences exist. Considering the vast
number of known C2H2 zinc fingers and the highly conserved structure of the C2H2 motif, it is
surprising that each zinc finger protein binds a specific DNA sequence recognized uniquely by
itself. However, it is variations to key amino acid residues of the finger domains, spacing, and
number of zinc finger motifs that allow for such distinction and specificity96,99. Biochemically, the
mode of DNA recognition by a finger is principally a one-to-one interaction between individual
amino acids from the recognition sequence of the α-helix to individual DNA bases; specifically,
amino acids at helical positions -1, 3, and 6 to three successive triplet bases on one strand of the
DNA, and helical position 2 to the complementary strand99. To establish amino acid-DNA contact,
the N-terminus of the helix must angle down into the major groove. Clearly, each finger can
function as an independent module with its own triplet binding sequence. When several ZNF
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motifs are linked in tandem, each with different triplet specificities, and together grasping DNA in
a linear fashion, a longer and distinctly unique DNA recognition sequence arises.

Figure 1. Zinc Finger Structure. (A) An individual zinc finger motif. (Copied from Klug, 2010). (B) A
three-finger zinc finger factor bound to a DNA recognition site. (Copied from Pavletich & Pabo, 1991).

3. The KRAB Domain and KRAB-containing Zinc Fingers
Many C2H2 zinc finger proteins contain other conserved domains, in addition to their ZNF
binding motifs, that also influence chemical distinctiveness; the BTB/POZ domain (BroadComplex, Tramtrack, and Bric-a-brac/poxvirus and zinc finger), the SCAN domain (SRE-ZP,
CTfin51, AW-1 and Number 18 cDNA), and the KRAB domain (Krüppel-Associated Box) have
been found at the NH2 terminus of zinc finger proteins101.
Originally identified as a conserved motif at the amino-terminus of zinc finger proteins102, the
Krüppel-associated box (KRAB) domain is now reported to be found in nearly one-third of all
C2H2 zinc finger proteins and are found highly conserved in yeast, plants, and across metazoans.
The KRAB domain homology consists of approximately 75 amino acid residues and folds into two
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amphipathic helices. The observed evolutionary conservation and wide distribution of the KRAB
domain led to suggestions that there was an important role of this region in the transcriptional
regulatory function of zinc finger proteins. Several laboratories subsequently uncovered the
functional role of the KRAB domain as a potent DNA binding-dependent transcriptional
repression module103-105. By fusing a heterologous DNA-binding domain from the yeast GAL4
protein, the KRAB domain minimal repression module of approximately 45 amino acid residues,
the KRAB-A box, was shown to be necessary and sufficient for transcriptional repression103-105,
and substitutions for these conserved residues abolished repression103.
One of the first studies to provide evidence that KRAB-containing zinc finger proteins (KRABZFPs) actually bind DNA in a sequence-specific manner to regulate transcription, outside of an
artificial GAL4-based transcriptional assay, found that each zinc finger motif is capable of
contacting three to four nucleotides106. In addition, these transcriptional repressors typically use
most of their collection of zinc fingers to bind DNA106. Considering this, a protein with 30 zinc
finger domains, theoretically, could bind a DNA sequence of more than 60 nucleotides107. The
occurrence of a sequence of such length rarely would be found in the genomes of lower eukaryotes,
consistent with the knowledge that KRAB-containing proteins are found only in vertebrate
tetrapods.
The KRAB domain is divided into the KRAB A-box and the KRAB B-box. The original
characterization of these subdomains found that the A box alone is a considerably weaker
suppression domain than the A + B boxes, but when fused to a heterologous KRAB B box, it
induces repression more potently105. Therefore, the A box is the key repression module, and the B
box enhances the repression mediated by the A box. Depending on the primary structure of the
KRAB domain, mammalian KRAB-containing zinc finger proteins can be divided into three
closely related subfamilies: one carrying the classical A box only (KRAB A), another carrying the
classical KRAB A box together with the classical KRAB B box (KRAB A+B), and the other
having the classical KRAB A box and a highly divergent KRAB B box, named b (KRAB A+b)108.
Whether the amino-terminal domain contains either of these subfamilies, it is always known as the
KRAB domain. Further, all three subfamilies effectively repress transcription through interaction
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with KAP1103,104,109-112. Thus, it is these combination of factors that create the structural and
functional versatility of the C2H2 zinc finger protein family.
4. KAP1: Structure and Mechanism
Four independent studies in 1996 identified a 100 kDa corepressor protein as an interaction
partner of members of the KRAB domain-containing family of zinc finger transcription factors,
named KAP1 (KRAB-associated protein 1), KRIP1 (KRAB-A-interacting protein 1), transcription
intermediary factor (TIF)21β, or TRIM28 (tripartite motif-containing protein 28)109-111. As a
member of the transcription intermediary factor (TIF1) family, which includes four tripartite motif
(TRIM) proteins, TIF1α, TIF1β, TIF1γ, and TIFδ, the architecture of KAP1 includes an N-terminal
TRIM known as the RBCC (RING (really interesting new gene) finger, two B-box zinc fingers,
and a coiled-coil) domain. In addition, KAP1 shares a central TIF1 signature sequence (TSS)
domain, a central heterochromatin protein 1 (HP1)-binding domain, and a C-terminal combination
plant homeodomain (PHD) and bromodomain with other TIF1 members. Unlike other TIF1
proteins, however, KAP1 does not contain a nuclear receptor (NR) box113.
The N-terminal RBCC domain of KAP1 is a KRAB-ZFP interaction interface spanning
between amino acids 20 to 377, and is considered an absolute requirement for KAP1 recruitment
to the KRAB repression module of KRAB-ZFPs. All three subdomains of RBCC directly
contribute to the oligomerization and KAP1 recognition with high affinity and degree of
specificity114. The RBCC domain binds as a homotrimer to a single KRAB domain115. The TSS
domain is adjacent to the RBCC domain; deletion of this motif abolishes transcriptional repression
activity of TIF1γ116, although a functional role of TSS in KAP1 has yet to be identified. Also
centrally located, the HP1-binding domain that contains a hydrophobic PxVxL pentapeptide that
lies between amino acids 483 to 497117. KAP1 interacts with the chromoshadow domain of the
HP1 family proteins, and this interaction is required for KAP1-mediated gene silencing112 . It is
suggested that HP1 is recruited by the KRAB-ZFP-KAP1 complex to specific loci within the
genome and form heterochromatin that silences gene activity in euchromatic and pericentric
heterochromatic regions118.
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The C-terminal end of KAP1 contains the tandem PHD and bromodomain (named the PB
domain). Located between amino acids 618 and 835, these two domains function as a highly
cooperative unit to repress transcription; the high specificity of cooperative function require both
domains in order to obtain maximum repressive activity119. Bromodomains are commonly found
in transcriptional activators, specifically involved in the recognition of acetylated histone tails120.
Typical for bromodomain-containing proteins, the bromodomain of KAP1 has a conserved
hydrophobic core and recognizes the backbone of histone tails; in contrast, KAP1 has lost the
ability to contact acetylated lysine residues119.

Figure 2. KAP1 Structure. (Copied from Cheng et al., 2014).

Molecular Mechanisms of Transcriptional Control by KAP1
KRAB-ZFP-mediated transcriptional silencing requires the presence of KAP1, a protein
with several different well-studied functional domains. Logically then KAP1 could coordinate the
assembly of a macromolecular complex made up of chromatin-remodeling proteins that function
as effector molecules of silencing. Notably, this complex comprises histone deacetylases and the
histone methyltransferase, SETDB1, which leads to histone deacetylation, deposition of
H3K9me3,

binding

of

HP1,

formation

of

heterochromatin,

and

transcriptional

silencing110,111.While the RBCC domain of KAP1 acts as a high affinity interface for KRAB-ZFPKAP1 binding, the primary function of the C-terminal PB domain of KAP1 is to interact with
chromatin-modifying enzymes. The interdependence of the PHD and bromodomain for optimum
repression may partially be explained by their interaction with two chromatin-modifying enzymes
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that have been studied extensively: Mi-2α, an isoform of the Mi-2 proteins found in the NuRD
(nucleosome remodeling and histone deacetylation) complex, and SETDB1 (SET domain,
bifurcated 1), an H3K9me3-specific histone methyltransferase. NuRD complex proteins,
specifically Mi-2α and HDACs, mediate nucleosome remodeling and histone deacetylation,
respectively119. SETDB1-mediated trimethylation of histone H3 at Lys-9 creates high affinity
genomic binding sites for the KAP1-HP1 complex. The PHD domain acts as an intramolecular E3
ligase of KAP1 by directing specific sumoylation modifications of particular lysine residues in the
bromodomain, a post-translational modification that is required for KAP1 to recruit SETDB1121.
And so, KAP1 has the capacity to coordinate biochemical activities required to induce and
maintain the assembly of higher-order chromatin structure by epigenetically regulating gene
expression through multiple transcriptional co-repressor complexes. Thus, KAP1 acts as a scaffold
for chromatin-modifying complexes and chromatin remodeling activities by recruitment to the
promoters of target genes and initiating ATP-dependent activities that modify chromatin. These
observations suggest a model in which KRAB-ZFP-KAP1-dependent recruitment of histone
modifiers for histone methylation and formation of facultative heterochromatin act to achieve gene
silencing.
5. Molecular Mechanisms of KRAB-ZFP-KAP1-Mediated Transcriptional Regulation
The majority of research on KRAB-ZFP transcriptional regulation is performed on individual
ZFP genes and mainly studied using artificial assays. The transcriptional repressive functions of
KRAB-ZFPs are certainly well defined in vitro, while less is known in vivo and on a whole genome
scale. However, recent studies have begun to examine genome-wide effects and even new models
of regulation have been proposed.
A unique and delicately designed method of in vivo experimentation for KRAB-ZNF-KAP1
specific studies was created by the D. Trono group122. They created a conditional gene regulation
system by fusing KRAB to the DNA binding domain of the E. coli tetracycline repressor (tetR),
tTRKRAB, which is then able to bind tetracycline operator sequences (tetO), and induce
transcriptional repression. Upon lentiviral vector transduction, tTRKRAB binds tetO in a
doxycycline (dox)-controllable fashion creating a tightly controlled expression system in cell lines
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and transgenic mice122. Research using this method found that KRAB-KAP1-mediated repression
leads to permanent gene silencing through adjacent promoter DNA methylation only during the
first few days of embryogenesis, while repression was reversible outside of this time frame123.
KRAB-KAP1 are likely essential for de novo CpG methylation following the post-fertilization
genome-wide erasure of methylation, placing an imperative role of ZNFs on early embryonic
development.
Groner et al. were able to use the same drug-controlled in vivo KRAB knockdown system, but
with gene-“trapped” lentiviral vectors, to study the impact of KRAB-ZFPs on gene expression124.
They found that KRAB and its corepressor KAP1 are capable of silencing promoters located
several tens of kilobases away from their primary docking sites. In addition, the silenced promoters
displayed repressive chromatin marks, such as a loss of histone H3-acetylation, and increase in
H3K9me3, and a drop in RNA Pol II recruitment. Furthermore, KRAB-mediated repression was
established by the long-range spreading of the repressive marks of H3K9me3 and HP1β between
the repressor binding site and the promoter124. They suggested that KRAB/KAP1 recruitment
induces long-range repression through the spread of heterochromatin, and speculated that
dysregulation of KRAB/KAP1-mediated epigenetic changes could be a cause of long-range
epigenetic silencing in large chromosomal regions of cancerous cells.
6. Functional Roles of KRAB-ZFP-KAP1
KRAB-ZNF-KAP1-mediated regulation has been linked to essential and diverse cellular,
physiological and pathological processes including development, proliferation, differentiation,
metabolism, apoptosis, cell cycle, neoplastic transformation, stem cell pluripotency, early
embryonic development and differentiation, genomic imprinting, response to DNA damage,
control of behavioral stress. A few of these specific functional roles are discussed in more detail
below. As all KRAB-containing ZNF proteins are known to interact with KAP1, to date, it is
henceforth implied that any KRAB-ZNF discussed has been shown to interact with KAP1, unless
stated otherwise.
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Chromatin/Epigenetic
One of the best established functions of the KRAB/KAP1 system is that it protects genome
integrity during early embryonic development. Several lines of evidence indicate that KAP1 and
KRAB-ZNFs control endogenous retroelements during early embryogenesis. In vitro KAP1
deletion in embryonic stem cells (ESCs) and embryos by Cre-mediated excision lead to a
significant upregulation of a range of endogenous retroviruses (ERVs)125. These endogenous
retroelements, which contain cis-acting regulatory elements that can influence neighboring genes,
are species-restricted, and, therefore, it is believed that their silencing in different species requires
distinct sets of sequence-specific repressors. A KRAB-ZNF, ZFP809, is responsible for
transcriptionally silencing murine leukemia virus, as well as a large subset of mammalian
retroviruses in murine embryonic stem- and carcinoma-cells, through recognition of the sequence
encoding for its primer-binding site126. Further, KRAB-ZNF proteins are involved in the
generation of site-specific DNA methylation patterns during the early embryonic period. A group
of investigators suggested a mechanism by which the site-specific KRAB-KAP1-mediated
induction of heterochromatin leads to de novo DNA methylation during early embryogenesis at
thousands of genomic loci in embryonic stem cells that are found to be methylated in adult
tissues127. Therefore, ZNFs contribute to the genome-wide establishment of epigenetic marks that
are maintained during development. Subsequently, they proposed a system in which KRAB-ZNFs,
through interaction with KAP1 and SETDB1, are responsible for permanently silencing ERVs by
de novo DNA methylation and, thereby, relieve the need for continuous expression of the ZNF
trans-repressors128. All in all, control over these highly diverse and rapidly mutating genetic
invaders seems to be driven largely by KAP1 and KRAB-ZNFs.
Parent-of-origin-specific expression of imprinted genes is required for normal embryonic
development. Protection of the inherited, germ line-derived methylation at imprinted loci is vital,
especially when egg- and sperm-derived genomes undergo extensive epigenetic reprogramming
to a totipotent state. Identified during a gene trapping screen for factors downregulated upon
embryonic stem cell differentiation, a maternal-zygotic effect gene, Zfp57, was found to be a
regulator of de novo DNA methylation at several particular imprint control regions (ICRs).
Targeted deletion of Zfp57 in mouse oocytes revealed that it is required for the establishment and
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reacquisition of de novo maternal methylation imprints, specifically at the Snrpn imprint control
region129, which is well known for its association in human Prader-Willi and Angelman
syndromes. Zfp57 also maintains both paternal and maternal methylation imprints after
fertilization, a period when the preimplantation embryonic genome loses most of its
methylation129. Mutations in human Zfp57 correlate with transient neonatal diabetes, a disease
associated with imprinting defects130; specifically, hypomethylation of imprinted loci lead to a
conserved range of clinical features. Biochemically, sequence-specific recognition of a methylated
hexanucleotide motif found in all known ICRs, by ZFP57, will subsequently recruit KAP1,
SETDB1, and DNA methyltransferases to the imprinted loci and, thereby, protect them from the
genome-wide wave of demethylation that takes place following fertilization131. This ZFP57-KAP1
recruitment is essential for the maintenance of epigenetic asymmetry, including chromatin
preservation and DNA methylation, of ICRs during the period of epigenetic instability that makes
up the first several days of embryogenesis. Deletion of KAP1 from the maternal germ line results
in embryonic lethality that is believed to occur as a result of misregulation of maternal genomic
imprinting132.
Pluripotency
Embryonic stem cells (ESCs) display a unique characteristic of pluripotency, namely, the
ability to self-renew as well as the potential to differentiate into diverse cell types of the three germ
layers. Considerable data indicate that ZNF proteins play an important role in maintenance of ESC
pluripotency and differentiation potential as well as proliferation and cell cycle control. Of the
cells commonly used as in vitro models in the mouse, from stem- to differentiated-cell types, the
majority of KRAB-ZNF genes were found to be expressed in pluripotent stem cells and other early
progenitors133. KAP1 and another pluripotency KRAB-ZNF, Zfx, have also been demonstrated to
be required for stem cell self-renewal as part of module in a network that is distinct from the Oct4Sox2-Nanog module134. Further, knockdown of KAP1 in murine stem cells resulted in
differentiation to the primitive ectoderm lineage134. Hence, KAP1 is known to maintain
pluripotency and also is required for the terminal differentiation of ESCs134-136. Upon knockdown
of the KRAB-ZNF, Zfp819, high activation of ERVs is observed in ESCs suggesting it maintains
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genomic integrity and downregulates endogenous retroviral elements in mouse embryonic stem
cells137. In addition, interaction of the transcription factors Oct4, Sox2, and Nanog to the distal
promoter region of Zfp819 further implicate this ZNFs essential role in the pluripotency of stem
cells.
Notably, several non-KRAB-domain-containing ZNF genes have demonstrated functional
significance for pluripotency. The SCAN domain-containing protein, Zfp206, controls gene
expression and differentiation of ESCs by activating transcription of Oct4 and Nanog and
preventing differentiation138. In a similar manner, Zfp42/Rex1 is required to maintain ESCs in an
undifferentiated state and promote self-renewal139. To continue self-renewal, ESCs must ensure an
ability to rapidly proliferate. Loss-of-function either by gene deletion or siRNA-mediated
knockdown of CtBp-interacting BTB (CIBZ), a BTB-containing ZNF protein, inhibits ESC
proliferation and delays the progression of ESCs through the G1 to S phase transition140. Albeit,
CIBZ-dependent ESC proliferation is in part dependent on the expression of Nanog140. Several
pluripotency-related transcription factors, such as Nanog and even Zfp42/REX1, are
heterogeneously expressed in ESC lines. Depending on the state of maintenance, these factors may
be in transition between a ground state of pluripotency, in which lineage-specific genes are
silenced, and a state primed to differentiate characterized by fluctuations in pluripotency factor.
Recently, the M. Saitou lab provided a model from their examination of this “meta-stable”
state of pluripotency using mouse ESCs. A PR-domain ZNF protein 14 (PRDM14) ensures naïve
pluripotency through a dual mechanism of interfering with the activation of fibroblast growth
factor receptor (FGFR) by the Oct4-Sox9-Nanog complex and by repressing de novo DNA
methyltransferase expression that alters the epigenome to a primed epiblast-like state19. PRDM14
is not a KRAB domain-containing ZNF; therefore, it does not recruit KAP1. However, it was
shown to exert its effects by recruiting polycomb repressive complex 2 (PRC2) and binding
specific key targets as a transcriptional repressor unit19.
Early Development & Differentiation
Although the overall functions of most KRAB-ZNF genes remain elusive, functional trends
seem to be becoming evident. Arisen from common ancestral genes, KRAB-ZNFs duplicated and
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diverged throughout evolutionary history to display individual patterns and, therefore, have
evolved specialized roles in the development and differentiation of higher organisms. KRABZNFs have been implicated in nearly all aspects of differentiation including hematopoiesis,
neuronal development, morphogenesis, cardiogenesis, osteoblast formation, and embryogenesis,
to name a few.
Dysfunctions of KRAB-ZFPs exhibit severe mutant phenotypes during embryogenesis.
The definitive endoderm layer, which is the precursor of the gut, narrows and elongates during
embryogenesis and undergoes cell rearrangements and intercalation of tissues known as
convergent extension. The Chato mutation, which in the mouse is a KRAB-ZNF gene responsible
for body axis elongation in embryonic tissues, causes defects in convergent extension during
development141. Specifically, Chato mutants express a wider definitive endoderm and lack of cell
rearrangements141. Similarly, as a co-factor that is necessary for the transcriptionally repressive
functions associated with KRAB-ZNFs, KAP1 has been found to be essential for early
embryogenesis. Mice with a targeted deletion of KAP1 do not survive past the egg cylinder stage,
prior to the onset of gastrulation, and are completely resorbed142. KAP1-null embryos have reduced
cell number in the ectoderm, morphological alteration of the visceral endoderm, and absence of
mesoderm formation142.
As an important regulator in the homeostasis of the seminiferous epithelium, KAP1 is
required for the maintenance of spermatogenesis. Depletion of KAP1 in a germ cell lineage leads
to testicular degeneration, specifically by shedding of immature spermatocytes and spermatids and
disappearance of the stem population143. One of the few KRAB-ZNF proteins to be studied in vivo,
murine Rsl, is known to influence sexually dimorphic gene expression in the liver144. Specifically,
two variant paralogs have evolved to partition regulation of their target genes by repressing
transcription of male-specific liver genes144. As part of the adaptive immune system, a discrete
subset of KRAB-ZNFs were found to be enriched in T- and B-lymphocytes, and upon tethering
KAP1 to particular genomic targets, forms a complex that regulates gene networks to control Tand B-cell differentiation and responsiveness145,146.
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In spite of their numerical abundance and clearly important functional requirement, notably
few KRAB-ZNFs have been assigned specific functions. The KRAB-ZNF genes discussed here
stand out and are clearly essential for genomic integrity, embryonic development, differentiation,
and pluripotency and, like any KRAB-ZNF-KAP1 complex, usually have more than one functional
responsibility. Loss or mutation of any of these genes is not without serious consequence. Deep
sequencing has uncovered hundreds of known and novel ZNF genes that have been cataloged into
databases. This available sequence information, along with chromatin immunoprecipitation
(ChIP), micro arrays, mass spectrometry, and other interaction methods has allowed for a broad
view of the ZNF transcription factor landscape, including spatio-temporal expression and binding
patterns7,133. A computational prediction program for specific DNA-binding recognition sites by
individual C2H2 ZNF motifs has been created recently8. Yet, it still remains that focused
experimentation of particular genes is required to fully understand the biological functional role
of a KRAB-ZNF (or any transcription factor).
7. Evolutionary Conservation, Distribution, and Genomic Organization of KRAB-ZFPs
Despite the significant number of members belonging to this gene family, KRAB-ZFPs
and their organismal functions are far from being completely understood. Examining the molecular
mechanisms that lead to the generation of this gene family during species evolution may unveil
important information for understanding their function. The KRAB-ZFP gene family is believed
to represent a more recent evolutionary product as indicated by its expansion in the genome of
vertebrate tetrapods; the KRAB domain is absent in the zinc finger protein sequences of fish,
insects, plants, nematodes, yeast, and fungi but has been identified in the human, mouse, rat,
chicken, and frog genomes102,108. The importance of KRAB-ZFPs is inferred from their recent
origin and subsequent rapid expansion in vertebrate lineages, although their in vivo role in terms
of both whole genome and physiological function has only recently begun to unravel.
Duplication & Divergence
The addition of the KRAB domain as a transcriptional repressor first arose as part of
polydactyl ZNF (poly-ZNF) genes in tetrapod vertebrates, a distribution that suggests the
emergence of the KRAB domain is a relatively recent event in evolution. KRAB-containing genes
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are typically arranged in clusters likely reflecting a history of duplication events; albeit, many
occur individually throughout the genome. The poly-ZNF genes are clustered at particular sites on
chromosomes, a shared physical proximity that tends to be associated with genes closely related
in sequence. The lack of degree of divergence in these clustered regions is consistent with a
sporadic duplication process in which new genes arise by local duplication events affecting a few
genes and then gradually disperse by subsequent genome rearrangements that break up the gene
clusters over time147.
The existence of such large and highly conserved numbers of genes undergoing repeated
cycles of segmental duplications likely originated from a single ancestral gene. Zinc finger gene
duplication commonly occur throughout evolution. After each duplication event a relatively low
degree of sequence conservation exists as new genes diversify their coding regions to generate
novel proteins. Orthologous KRAB-ZFP genes generally remain well conserved; in contrast,
paralogous KRAB-ZFP genes are not necessarily under functionally selective pressure and
therefore allow amino acid sequence changes via non-synonymous nucleotide substitutions108.
Essentially all, except the most recently duplicated KRAB-ZFP genes, are found to display
structural and/or functional divergence compared with parental genes148. Thus, after paralogous
duplications, novel zinc finger proteins with new biological functions exist, perhaps to define new
regulatory pathways. A possible functional consequence of this expansion could be the generation
of new transcriptional regulators, as the binding specificities of the encoded zinc finger motifs is
altered by accumulating changes in the amino acid sequence of the zinc finger region

108

. The

binding specificities can be further modified by recombination-based additions and inactivations
of entire zinc finger motifs as a result of internal duplications108. Hence, the evolution of
transcription factors with substantially altered DNA-binding specificities arises.
Biochemical Function
The expansion of C2H2 ZNF transcription factors in eukaryotes is remarkable. KRABZFPs have been recognized as important subjects of lineage-specific expansion in vertebrates.
Interestingly, not only has this expansion increased in the total number of zinc finger genes
throughout evolution but also in the number of DNA-binding zinc finger motifs carried in each
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individual gene. In general, the average number of zinc finger motifs for a zinc finger gene of a
plant (A. thaliana), baker’s yeast (S. cerevisiae), a nematode (C. elegans), an insect (D.
melanogaster) and humans (H. sapiens) is 1.0, 1.5, 2.5, 3.5, and 8, respectively5,108. In addition,
these ZNF transcription factors may contain either the KRAB or SCAN domains, or both, which
are not found in the fly or worm genomes, and increase the combinatorial pattern possibilities of
these factors. Further, each ZNF binding domain may be capable of independently mediating
transcriptional repression by inducing local chromatin to a closed state. This model would make
sense given that many mammalian poly-ZNF proteins contain far more zinc finger repeats than
seem necessary to bind a single target sequence. The repetitive nature of the zinc finger region and
the rapid divergence in the binding properties within the zinc finger motif make these proteins
highly adaptable147. These factors have been of major importance for the massive expansion in
both total number of genes and complexity of zinc finger motifs within in each gene during
eukaryotic evolution.
Speciation & Evolved Biological Function
The overall, ultimate in vivo function of the poly-ZNF family is not quite evident. Genes
encoding KRAB-ZFPs are differentially expressed in various tissues during differentiation and
development. It seems likely, then, that these genes have functions unique to mammalian
evolution, especially involving the molecular processes that establish the phenotypic differences
between vertebrates and other species107,149. In addition, the modular structure of KRAB-ZFP
genes creates an ideal structure for rapid evolution of transcriptional regulation. As a substrate
composed of consecutive zinc finger motifs, which fold autonomously, coupled to a transcriptional
repression domain that operates independently of the sequence target, it may only require a few
point mutations or small rearrangements to alter the transcriptional outcome of target genes.
Basically, the poly-ZNF gene family’s flexibility and lack of stability make it opportune to rapid
adaptive evolution of transcriptional regulation147.
Of the hundreds of poly-ZNF loci examined over many species genomes, surprisingly few
ZNF encoding proteins are actually conserved between eutherians and other evolutionary
groups150. The few that are considered “deeply conserved” between evolutionary groups were
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found to be mapped to a single familial cluster and displayed an unusual noncanonical KRAB
domain sequence that does not bind KAP1 and functions as a transcriptional activator150. And it
seems the most highly conserved ZNFs are those that fit the ZNF-only and BTB/POZ-ZNF protein
structures. This further confirms the history of KRAB activation and uncovers a past in which
KRAB-ZNF proteins underwent independent divergence and expansion in every vertebrate
lineage150.
The diverse functional range of ZNF proteins in combination with the dichotomy between
orthologous ZNF genes and paralogous expanded gene clusters suggests the possibility of more
than one type of organismal function. First, because of the dramatic expansion of gene clusters
and rapid divergence of KRAB-ZFP genes in mammals, it has been suggested that they function
to repress transcription of endogenous retrovirus genes in an evolutionary “arms race” with their
viral targets151,152. The second possibility is based on the strict conservation of the pattern of DNAbinding amino acids (position -1, 2, 3, and 6, as discussed above in the C2H2 ZNF section) in
polydactyl ZFP proteins. This orthologous manner of speciation suggests that ZFP DNA binding
activities have evolved critical biological roles, specifically those to modulate transcription of
developmental genes. Most ZNF genes, whether well conserved or species-specific, seem to have
a significant presence in immune, nervous, and reproductive tissues147,149,150, especially during
embryogenesis and influencing morphogenic processes133,149, indicating that they have been
recruited to regulate evolutionarily divergent biological traits in vertebrates.
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Figure 3. Polydactyl Zinc Finger Gene Family Across Species. (Copied from Emerson & Thomas, 2009).
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ABSTRACT
Initially, the maternal genome regulates nearly all aspects of early development in
metazoans. Basic biochemical processes that implement early developmental events such as
meiotic maturation, fertilization, the first cleavage divisions, and programming the embryonic
genome are totally dependent on maternal mRNAs and proteins derived within the oocyte. At the
onset of EGA initiation, the destruction of maternal mRNAs begins by maternally encoded
products. To date, ZNF proteins expressed specifically in mammalian oocytes have not been
reported. RNA sequencing of a bovine oocyte library uncovered a highly abundant transcript that
matches an uncharacterized gene in the NCBI database. Through cDNA cloning of the novel
ZNFO gene, a transcript containing a 2,145 bp open reading frame that codes for a protein of 714
amino acids with a conserved KRAB domain at the N-terminus and nine zinc finger motifs at the
C-terminus was identified. ZNFO mRNA was readily detectable in fetal ovaries and was
undetectable by RT-PCR in somatic tissues including granulosa and theca cells. Real-time PCR
analysis revealed ZNFO mRNA was highly abundant in GV and MII stage oocytes as well as in
pronuclear to 8-cell stage embryos but undetectable in blastocyst stage embryos (n = 4 pools of 10
embryos/stage; P < 0.05). Immunohistochemical analysis detected ZNFO protein in oocytes
throughout folliculogenesis. Based on the well-conserved functions of KRAB-containing ZNF
transcription factors and the current spatial and temporal observations of ZNFO, it is suggested
that ZNFO may function as a transcriptional regulator during early embryonic developmental
events.
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INTRODUCTION
Zinc finger (ZNF) genes compose one of the largest protein superfamilies in eukaryotic
organisms and uphold an essential role in transcriptional regulation. In particular, the Cys2His2
(C2H2) class of ZNFs dominate approximately 53% (~700) of the transcription factor repertoire
of the mammalian genome1. Structurally, C2H2 ZNFs are named for the zinc finger motifs, each
comprised of 28-30 amino acids, and each stabilized by a zinc ion that coordinates four highly
conserved residues, two cysteines and two histidines2. The carboxy-terminal portion of C2H2 zinc
finger proteins contain from 1 to more than 30 individual zinc finger motifs arranged in a cluster
of tandem repeats. Each individual zinc finger motif is defined by the presence of the consensus
sequence Φ-X-Cys-X(2-4)-Cys-X3-Φ-X5-Φ-X2-His-X(3-4)-His, where X represents any amino acid
and Φ represents a hydrophobic residue3. Transcriptional regulation occurs through sequencespecific DNA binding of these motifs to promoter regions of target genes 4. Although each zinc
finger domain is structurally similar, variations of key amino acid residues at particular sites, as
well as zinc finger number, create chemical distinctiveness allowing for a great number of
possibilities for DNA recognition5 and, hence, the variety and presence of ZNFs in nearly all
aspects of biological processes1,3,6,7.
Over one third of C2H2-ZNF proteins contain the highly conserved Krüppel-Associated
Box (KRAB) domain6, making KRAB-ZNFs the single largest group of transcriptional mediators
in the genomes of higher organisms. The KRAB domain homology consists of approximately 75
amino acid residues and folds into two amphipathic helices. The observed evolutionary
conservation and wide distribution of the KRAB domain lend relevance to the importance of this
region in the transcriptional regulatory function of zinc finger proteins. Recognizably, the
functional role of the KRAB domain is known as a potent DNA binding-dependent transcriptional
repression module8-10. By fusing a heterologous DNA-binding domain from the yeast GAL4
protein with the KRAB domain minimal repression module of approximately 45 amino acid
residues, this KRAB-A box, was shown to be necessary and sufficient for transcriptional
repression8-10. Furthermore, substitutions for these conserved residues abolish repression8.
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In an effort to characterize the bovine oocyte transcriptome in search of oocyte-specific
factors essential for the regulation of folliculogenesis and early embryonic development in cattle,
a bovine oocyte cDNA library was previously constructed11. Analysis of expressed sequence tag
(EST) data from this library identified a novel transcript that matches an uncharacterized KRABcontaining zinc finger gene and is explicitly expressed in the bovine oocyte. Based on the analysis
of highly conserved structural domain functions within this gene and the fetal ovary-specific
expression, it was hypothesized that this novel C2H2 KRAB-containing zinc finger has distinct
spatial and temporal expression in follicular development and the development of the early bovine
embryo befitting of a maternal-effect gene. The objectives of this study were to 1) clone the novel
C2H2 KRAB-containing zinc finger protein (ZNFO) and 2) determine the spatial and temporal
expression of ZNFO mRNA and protein during oocyte maturation and early embryonic
development. To date, ZNF proteins specifically expressed in mammalian oocytes have not been
reported. ZNFO presents the first KRAB-ZNF protein identified exclusively in the oocyte in a
mammalian species.
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MATERIALS AND METHODS
Tissue Collection
Bovine tissue samples, including adult lung, spleen, stomach, brain, muscle, kidney, liver,
heart, intestine, ovary, fetal testis, and fetal ovaries were collected from a local slaughterhouse.
Age of fetuses from which fetal ovaries were collected was estimated by measuring crown-rump
length12. Granulosa and theca cells were isolated from antral follicles as described by a previously
established method13. Briefly, the theca and granulosa layers were separated from the follicles, and
each other, by first carefully cutting the majority of tissue away from a follicle, freezing the follicle
in liquid nitrogen, and then making a three-quarters cut around the circumference of the follicle.
The outer-theca layer of tissue was then removed by light peeling with forceps, as the granulosa
layer had adhered to the still-frozen follicular fluid core. All samples were frozen in liquid nitrogen
following collection and stored at -80°C until use.
RNA Isolation, cDNA Synthesis, and RT-PCR Analysis
Total RNA was extracted using Tri-reagent (Ambion, Inc., Austin, TX) according to the
manufacturer’s instructions. Isolated total RNA was treated with TURBOTM DNase I (Ambion)
before cDNA synthesis. Approximately 2 µg of DNase-treated total RNA was used for first strand
cDNA synthesis in a 20 µl reaction including Oligo (dT)18 primer and SuperScript III reverse
transcriptase (Invitrogen, Carlsbad, CA). Concentrations of isolated RNA were determined by
measuring absorbance at 260 nm. Purity of RNA was determined by calculating the ratio of
absorbance at 260 nm and 280 nm, and integrity of RNA was determined by agarose gel
electrophoresis. The cDNA was used as a template for PCR amplification of ZNFO mRNA
fragments using gene-specific primers (Table 1). The RT-PCR was performed by denaturation at
95°C for 3 min followed by 35 cycles of 95°C for 30 sec, 60°C for 30 sec, and 72°C for 90 sec
and final extension at 72°C for 10 min. The amplified products were separated through a 1%
agarose gel containing RGB. Amplification of cDNA for bovine ribosomal protein L19 (RPL19)
was used as a positive control for RNA quality and RT.
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Cloning of ZNFO cDNA
Deep sequencing data of a bovine oocyte library revealed a match of a bovine genomic
sequence that was predicted to encode a hypothetical protein corresponding to ZNFO in the
National Center for Biotechnology Information (NCBI) Database (XM_001789794.1). Based on
this predicted sequence, primers were designed (Table 1) to amplify the 5’ (untranslated region)
UTR end and the coding sequence through the putative translation stop codon. The amplified
cDNA fragments (525 bp and 2099 bp) were cloned into pGEM-Teasy vector (Promega, Madison,
WI) and sequenced. To obtain the 3’ end of the cDNA sequence, 3’ rapid amplification of cDNA
ends (RACE) was performed using the second generation 5’/3’ RACE kit (Roche Diagnostics,
Indianapolis, IN) following the manufacturer’s protocol. A PCR reaction was performed using a
gene specific primer (Table 1). The final RACE products were cloned into pGEM-Teasy vector
and sequenced. All three overlapping gene fragments were used to create a complete ZNFO contig
(Figure 1A).
Generation of Anti-ZNFO Antibody
The ZNFO antibody was prepared commercially by GenScript Corporation (Piscataway,
NJ). Polyclonal antiserum against ZNFO was raised by immunizing rabbits with a 15-amino acid
synthetic peptide (KRNQGRESNREKPIC) of the predicted amino acid sequence of ZNFO.
Antisera from the third bleed was used in this study.
Immunohistochemistry
Paraffin-embedded sections of calf ovary (2 mo) tissue were subjected to
immunohistochemical analysis using Ultra-Sensitive ABC Peroxidase Staining kit (Pierce
Chemical Co., Rockford, IL) according to the manufacturer’s instructions. Briefly, approximately
12-µm serial sections were prepared and mounted onto positively-charged slides. The paraffin
sections were deparaffinized in xylene and then rehydrated in graded alcohol. Antigen retrieval
was performed by boiling the sections in antigen retrieval solution (10 mM Tris base, 1 mM EDTA,
0.05% Tween 20, pH 9.0) for 15 min, and allowing the slides to cool for 30 min at room
temperature. After treatment with 0.3% hydrogen peroxide in methanol to eliminate endogenous
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peroxidase activity, the sections were serially incubated with blocking buffer (normal goat serum
in PBS) for 30 min at room temperature, rabbit polyclonal anti-ZNFO antibody (GenScript) at 5
µg/ml in blocking buffer at 4°C overnight, biotinylated anti-rabbit IgG for 1 h, followed by
incubation with avidin-biotin-peroxidase complex reagent for 1 h at room temperature. Intervening
PBS washes were performed after each antibody incubation. The sections were developed using a
metal-enhanced DAB Substrate Kit (Pierce) for 1 min and were then counterstained with VECTOR
Hematoxylin QS (Vector Laboratories, Burlingame, CA) and mounted with Cytoseal XYL
(Thermo Fisher Scientific, Waltham, MA). Negative control sections were incubated in the
absence of anti-ZNFO antibody.
Quantitative Real-Time RT-PCR
Oocyte and embryo samples analyzed for mRNA expression included germinal vesicle
(GV)- and metaphase II (MII)-stage oocytes and pronuclear, two-cell, four-cell, eight-cell, 16-cell,
and morula- and blastocyst-stage embryos (n = 5 pools of 10 embryos) generated by in vitro
fertilization of abattoir-derived oocytes as previously described14. Quantitative real-time PCR setup and standardization conditions were carried out as previously described15. Before RNA
extraction, each sample was spiked with 250 fg of green fluorescent protein (GFP) synthetic RNA
(polyadenylated) as an exogenous control. Copies of GFP RNA in each pool were determined
using standard curves constructed from the plasmid pcDNA3-EGFP (Addgene, Cambridge, MA).
The quantity of ZNFO mRNA was normalized relative to the quantity of GFP measured in each
sample, and differences in normalized data across developmental stages were determined by oneway ANOVA using the statistical analysis package, R. Individual mean comparisons were
performed using Fisher least significant difference (LSD) method. Differences of P < 0.05 were
considered significant.
Western Blot Analysis
Protein lysate samples (10 μg/well) were separated on a 4-20% gradient ready gel (BioRad, Hercules, CA), and electrophoresis was run in 1X Tris/Glycine/SDS running buffer for 2 h.
Proteins were transfered onto a Immun-Blot PVDF membrane (Bio-Rad) in 1X transfer buffer
(Tris/Glycine/SDS/methanol) for 1 h, 10 min. Following transfer and blocking in 5% nonfat dry
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milk in PBS containing 0.1% Tween-20 (PBST) for two hours, the membrane was then incubated
in 1 ug/mL ZNFO primary antibody solution in blocking buffer overnight at 4°C. After three
washes with PBST, immunoreactive proteins were visualized by using a chemiluminescent
horseradish peroxidase detection system (Genotech, St. Louis, MO). Specificity of the antibody
was validated by Western blot analysis using purified GST-ZNFO protein (data not shown).
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RESULTS
Cloning and Characterization of the Bovine ZNFO Gene
Deep sequencing analysis of the transcriptome of the bovine oocyte revealed a highly
abundant transcript that matches an uncharacterized gene (LOC100141212) in the NCBI Database.
Analysis of the EST data from the cattle gene index (TGI Gene Indices) showed that the transcript
is represented by ESTs exclusively derived from 2-cell embryos. Through cDNA cloning a 3,595
bp transcript containing a 2,145 bp open reading frame (ORF) was obtained. The ORF and a 525
bp 5’ UTR were amplified from bovine fetal ovaries (Figure 1A). Gene-specific RACE primers
were designed based on the obtained sequence, and 3’ RACE was performed to extend the 3’-end
of the cDNA sequence (Figure 1A). All obtained fragments were cloned into pGEM-T-easy and
sequenced. The complete assembled ZNFO cDNA sequence has been deposited in GenBank
(accession number: KJ710495.1).
Analysis of tissue distribution by RT-PCR revealed that the novel transcript (ZNFO) is
undetectable in all somatic tissues analyzed, as well as in the fetal testis germ cell counterpart, but
is found specifically expressed in fetal ovaries (Fig. 2). Further RT-PCR analysis showed that
ZNFO is not expressed in granulosa and theca cells (Fig. 3A), suggesting that ZNFO expression in
the ovary is oocyte-specific. Expression of ZNFO mRNA is highly abundant in GV- and MII-stage
oocytes and 2-cell through 16-cell stage embryos but is completely undetectable in morula and
blastocyst stage embryos (Fig. 3B), indicating that the embryonic genome does not express this
gene. Analysis of ZNFO mRNA expression in fetal ovaries of different developmental stages
during gestation revealed that ZNFO mRNA can be detected in fetal ovaries as early as day 90 of
gestation (Fig. 3C), a period when primordial follicles are emerging in cattle16. The expression of
ZNFO mRNA increases steadily in fetal ovaries (day 160 and day 230) during development,
suggesting a role of this gene in supporting development of primary and secondary follicles which
are formed around day 140 and 210 of gestation, respectively16. These results indicate ZNFO is a
maternal transcript abundantly present in oocytes and early embryos prior to embryonic genome
activation.
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Genomic Structure and Organization of ZNFO
The ZNFO ORF encodes a protein of 714 amino acids. A search of the Pfam protein
database17 in combination with visual inspection of the protein sequence revealed that ZNFO
contains a conserved Krüppel-associated box (KRAB) domain at the N-terminus and nine zinc
finger motifs at the C-terminus (Fig. 4A and 4B). The KRAB domain consists of 41 amino acid
residues that match the minimal repression module of the conserved KRAB-A box, which is
necessary for transcriptional regulation8-10. Each zinc finger motif fits the consensus sequence ΦX-Cys-X(2-4)-Cys-X3-Φ-X5-Φ-X2-His-X(3-4)-His definitive of C2H2 ZNFs3, and the remaining
seven amino acids in between each finger contain the five canonical linker residues18,19.
Using the SUMOsp 2.0 program20, the protein was predicted to contain two putative
sumoylation sites (Lysines 13 and 260), indicating that the protein might be sumoylated, a posttranslational modification event that plays a role in various cellular processes. The novel protein
shares 85% and 96% sequence identity with predicted bovine ZNF708 isoform 1 and ZNF726
isoform 2, and ZNF726 isoform 4 proteins, respectively. No orthologs of this protein were found
in other mammalian genomes through extensive NCBI database search. This suggests that ZNFO
is a species-specific oocyte-specific gene. BLAST search of the assembled bovine genome
sequence in the NCBI database using the ZNFO cDNA sequence identified an annotated bovine
chromosome 18 genomic contig sequence (NW_003081470) containing the ZNFO gene which
spans over 11.9 kb. Alignment of the cDNA sequence to the genomic sequence using the Splign
program21 revealed that the ZNFO gene contains 4 exons separated by 3 introns (Figure 1B), and
all splice sites are in agreement with consensus sequences (GT-AG rule).
Analysis of the 5’flanking sequence of the ZNFO gene using TESS program (University
of Pennsylvania) identified a number of putative transcription factor binding sites, such as RAR,
ERα, AP-1 and Oct4 (Fig. 5). In addition, a putative E-box was identified by visual inspection, an
element known to be necessary for oocyte-specific gene expression22. The transcription start site
(TSS) was predicted using promoter prediction algorithms Tfsearch and Softberry TSSW. Twenty
CpG sites from ~1600 bp flanking the predicted TSS region were identified (Fig. 5). The 3’ UTR
was found to contain two nuclear poly(A) signals (AAUAAA) and three cytoplasmic
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polyadenylation elements (U5A1-2U), which are required for translational activation of maternally
derived mRNAs23.
Expression of Bovine ZNFO mRNA and Protein during Oocyte Maturation and Early
Embryonic Development
Temporal expression of bovine ZNFO mRNA during oocyte maturation (GV- and MIIstage) and early embryonic development (pronuclear, 2-cell, 4-cell, 8-cell, 16-cell, morula, and
blastocyst stage) was examined by quantitative real-time PCR (qPCR). The ZNFO transcript was
abundant in GV- and MII-stage oocytes, with peak expression in MII-stage oocytes, and was also
highly expressed in pronuclear stage embryos through 8-cell stage embryos (Figure 6A; P < 0.05).
By the time of the 16-cell stage, ZNFO mRNA markedly declined and was barely detectable in
embryos collected at morula- and blastocyst-stages (Figure 6A; n = 4 pools of 10 embryos/stage;
P < 0.05). Immature (pre-LH surge, specifically antral follicle-housed) and mature (post-LH surge,
specifically GV- and MII-stage) oocytes were examined for the presence of ZNFO protein by
Western blot analysis. The immunoreactive ZNFO protein demonstrated to be approximately 84
kDa in size (Figure 6B) and was abundant in both immature and mature oocytes with the
appearance of slightly less expression in zona pellucida-free immature oocytes.
Immunohistochemical localization of ZNFO protein within calf ovary sections revealed
that ZNFO protein is present in oocytes of growing follicles at the primordial (Figure 7, panel A;
single layer of flattened granulosal cells), primary (Figure 7, panel B; single layer of cuboidal
granulosal cells), and secondary (Figure 7, panel C; multiple layers of cuboidal granulosal cells)
follicle stages through antral (Figure 7, panels D and E; early antrum formation and preovulatory,
respectively) follicles stages. Preovulatory follicles typically displayed some degree of
immunoreactivity in the adjacent cumulus cells. No staining was detected when sections were
incubated in the absence of the primary antibody (Figure 7, panel F). The expression pattern of
ZNFO mRNA and protein during folliculogenesis and early embryogenesis is similar to many
other known bovine maternal-effects genes necessary for early embryonic development24-26
suggesting that ZNFO is of maternal origin.
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DISCUSSION
Results of the present studies demonstrated the cloning and functional characterization of
a novel oocyte-specific gene in cattle. The predicted protein encoded by this novel gene contains
a highly conserved KRAB domain and nine tandem zinc finger motifs that fit the C2H2 class of
zinc finger proteins, designating this novel protein as a new member of the C2H2 KRABcontaining zinc finger family. The most striking characteristic of the C2H2 ZNF family of
transcription factors is their ability to repress transcription, which probably underlies the many
biological processes in which they are implicated4,6. The results herein indicate that expression of
ZNFO is oocyte-specific, which, to our knowledge, is the first report of a KRAB-containing zinc
finger gene found strictly in the oocyte of any species.
Several factors exist that influence the ability of an oocyte to become competent including
oocyte origin, follicle health, hormonal stimulation and communication between the oocyte and
surrounding cumulus cells. The ability of an oocyte to become developmentally competent
requires that it gain the capacity to resume meiosis, cleave following fertilization, develop to the
blastocyst stage and implant, and develop to term in good health27-30. Oocytes gradually and
sequentially acquire competence throughout folliculogenesis by synthesizing and accumulating
transcripts and proteins that are necessary for successful follicular development, fertilization and
subsequent embryogenesis31. The early stages are critical because many oocyte-specific genes are
transcribed during the primordial to primary follicle transition and continue to be expressed
throughout folliculogenesis. Many of these factors are not only found during follicular
development but also prior to that in embryonic gonad formation and germline establishment.
During prenatal development, the ovaries of mammals are endowed with a finite population of
germ cells. By 90d of gestation, a time when the first primordial follicles develop following
germline establishment in cattle16, ZNFO was detectable. Several known oocyte-specific
transcription factors have been shown to be essential for normal development of germ cells and
surrounding somatic cells during mammalian folliculogenesis32-34.
Nobox, preferentially expressed in germ cells as early as E15.5 in mice35 and d100 in
cattle24 is present throughout folliculogenesis, including in germ cell nests, primordial, growing
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and antral follicles35. Ovaries lacking Nobox formed apparently normal follicles up to the
primordial stage but transition beyond to the primary stage was severely compromised. In addition,
the knockout ovaries displayed an accelerated loss of oocytes with only a few degenerated oocytes
remaining 14 days after birth35. Further, Nobox knockout ovaries under gene expression analysis
revealed a downregulation of mRNA transcripts for genes preferentially expressed in oocytes, such
as Oct4, Gdf9, Bmp15, Rfpl4, H1oo, Zar1, Dnmt1, and Mos, whereas genes important in germ cell
migration (Kitl and Kit), apoptosis (Bcl2, Bax, Bcl212, and Casp2), and meiosis (Mlh1 and Msh5)
transcripts were unaffected and expressed as wild-type Nobox ovaries35. Figla, like Nobox, is
required for early folliculogenesis as Figla knockouts display a block of primordial follicle
development and rapid loss of oocytes shortly following36. Expression of the zona pellucida genes
Zp1, 2, and 3 are diminished in Figla depleted ovaries36; however, other important genes such as
Gdf9, Bmp15, Kit, Kitl, Cx43 (connexin 43), and Fgf8 (fibroblast growth factor 8) are unchanged.
As essential factors for folliculogenesis, both Nobox and Figla highlight the major roles
representative of many germ-specific transcription factors that are critical for successful
completion of folliculogenesis and subsequent early embryonic development. Specifically, genes
such as these are known as maternal-effect genes because they are maternal transcripts that
accumulate and are stored in the oocyte during oogenesis and are required for successful
folliculogenesis and germ cell maturation, and also for subsequent activation of the embryonic
genome and early cleavage events post-fertilization37. Although the majority of knowledge
obtained for these factors comes from mouse studies, it may still be relevant to oocyte competence
in cattle, although, several substantial gaps in knowledge remain. Many genes involved in
important cellular functions of follicular- and oocyte-development remain unaltered by the absence
of the known key factors (i.e. Nobox-depleted ovaries did not interfere with meiotic-gene
transcripts)35, suggesting that other potentially novel oocyte-specific factors are necessary for
oocyte survival. ZNFO clearly fits within the definition of a maternal-effect gene based on the
observed expression profile. Abundant and continuous expression of ZNFO was observed from
the first appearance of primordial follicles during embryonic development through folliculogenesis
to the pre-ovulatory oocyte in the adult ovary. This illustrates the need for accumulating maternal
stores of ZNFO transcripts and also suggests a possible role of ZNFO in ensuring proper follicular
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development. Depletion of ZNFO during folliculogenesis is necessary to determine which stages
of follicular development are specifically directed by this novel factor. However, because
knockout studies are primarily done with rodent species for obvious reasons, and ZNFO is only
found in the bovine genome, this type of study becomes particularly challenging and was not
performed here.
Following expression in pre-ovulatory oocytes, ZNFO displayed a continued expression
throughout early development of the bovine embryo. The ability of the bovine embryo to reach the
blastocyst stage and ultimately develop into a healthy offspring is a complex and highly regulated
process. Maternal transcripts are replaced and are degraded during different stages of
embryogenesis by the embryonic genome, which is transcriptionally inactive before maternalzygotic transition, and is activated at the onset of maternal-zygotic transition38. Therefore, the
transition from maternal to embryonic control of development is characterized by degradation of
maternal transcripts and proteins, sensitivity to transcriptional inhibitors (e.g. α-amanitin), and a
dramatic increase in transcriptional activity from the embryonic genome39. This crucial transition
occurs during the first few post-fertilization cell cycles in a species dependent manner. Embryonic
genome activation occurs at roughly the 2-cell stage in mice, 4- to 8-cell stage in humans, and 8to 16-cell stage in cattle40,41. Accumulating experimental evidence, , including relatively recent
data in cattle24-26, indicates that maternal effect genes are key regulators of folliculogenesis and
subsequent early cleavage events post fertilization. The results presented here show that ZNFO is
specifically expressed in oocytes and early embryos prior to- and during the onset of embryonic
genome activation, displaying maximum expression from GV to 8-cell stages and then rapidly
declining to near non-existence by morula and blastocyst stages. This specific expression pattern
is similar to several oocyte-expressed genes that have been reported to be essential for initial stages
of embryonic development.
Oocytes expressing the maternal-effect genes [maternal antigen that embryos require
(Mater), Zygote Arrest 1 (Zar1), factor located in oocytes permitting embryonic development
(Floped), developmental pluripotency associated 3 (Dppa3), octamer binding transcription factor
4 (Oct4) and nucleoplasmin 2 (Npm2)] are each found expressed in growing oocytes throughout
folliculogenesis and into early embryo development. Mater, an oocyte antigen involved in
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autoimmune ovarian failure, is present in early cleavage stage embryos until the blastocyst stage;
however, MATER-deficient embryos become arrested at the 2-cell stage42. Zar1 and Floped
transcripts are present until the one-cell stage in wild-type embryos, but ZAR1 and FLOPED
mutants are infertile and show defects in embryogenesis beginning at the one-cell stage

43,44
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Additionally, Zar1 null zygotes failed to complete syngamy, leaving two separate haploid genomes
incompletely fertilized43. FLOPED mutants display unequal sized blastomeres with weakened
contact regions44. NPM2 is an oocyte-specific nuclear chaperone that mediates the assembly of
nucleosomes, but Npm2 knockout mice are subfertile or intertile45. Both Dppa3 and Oct4 are found
throughout oogenesis, in preimplantation embryos and pluripotent stem cells. Embryos without
maternally derived Dppa3 have compromised early embryonic development and rarely reach the
blastocyst stage46. Oct4-deficient embryos are able to develop to the blastocyst stage, but the inner
cell mass cells lack pluripotency leading to failure of expansion of trophectoderm layer and
subsequent peri-implantation lethality47. Although mutation to any of the aforementioned factors
maintains normal ovarian development, folliculogenesis, and fertilizable eggs, the observed effects
on early cleavage events indicate that these are key maternal genes whose expression is required
for normal early embryonic development. Because the patterned expression of ZNFO may be
categorized with critical factors such as these, ZNFO is suspected to be involved in early
embryonic development as a key factor. The functional role of ZNFO, however, warrants further
examination.
As an apparent maternal-effect gene, it is interesting to note the OCT4 binding site within
the promoter region of ZNFO. OCT4 is a transcription factor well known for its role in embryonic
stem cell self-renewal and pluripotency48. Microinjection of Oct4 antisense morpholino
oligonucleotides into one-cell mouse embryos revealed that maternal Oct4 is also necessary for
embryonic genome activation probably by regulating genes that encode transcriptional and posttranscriptional factors49. Oct4 has been confirmed in the bovine oocyte and increases expression
through early embryonic development with a sharp increase following zygotic genome activation
and again after compaction50. Considered a master regulator of early embryonic development, it
would be interesting to elucidate the targets of OCT4, as that remains unknown in cattle and ZNFO
seems a likely interacting partner. Also structurally important to ZNFO is the KRAB domain.
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ZNFO carries the classical KRAB-A box only (KRAB A). As one of three subfamilies of KRAB
domains, each effectively shown to repress transcription through interaction with KRABassociated protein 1 (KAP1)8,9,51-54. The KRAB-A box domain is the minimal repression module
that is necessary and sufficient for transcriptional repression8-10. The combination of the observed
Oct4 binding site and KRAB-A box domain lead to the implied role of ZNFO as transcriptional
repressor interacting in network with key oocyte-specific factors to regulate embryonic genome
activation and other maternal-to-zygotic transition events.
Considering the vast diversity of tissue cell-type localization and functional roles of
KRAB-containing zinc finger proteins, it is quite interesting to find that no other KRAB-ZNF has
been identified that is tissue exclusive to the oocyte. In similar light, ZNFO does not seem to have
any orthologs. The timing established for major EGA demonstrates an occurrence that is generally
later in mono-ovulatory species, such as cattle and primates (including human), as compared with
poly-ovulatory species such as the mouse, which EGA manifests much sooner. Therefore, the
maternal-effect genes required to promote initial cleavage divisions and ensure successful early
embryonic development in such mono-ovulatory species may be divergent from those required in
the poly-ovulatory species. Further, within monotocous species, a distinct species-specific factor
may be part of a common and highly conserved functional network. Oocyte-specific factors
required for early embryogenesis in bovine species are poorly understood, and understanding the
contribution of such factors to maternal-to-embryonic transition during early embryogenesis in
cattle is limited.
Prior to the series of complex events encompassing early embryonic development, the
intrinsic quality of the oocyte must first be sufficient for fertilization. Oocytes gradually and
sequentially acquire competence throughout folliculogenesis by synthesizing and accumulating
transcripts and proteins that are necessary for successful follicular development, fertilization and
subsequent embryogenesis31, as well as by the maturation of meiotic and cytoplasmic
components30. The successful completion of each of the developmental events are separate and do
not ensure the success of the subsequent events, so studies targeting each of the important
developmental events, including meiotic maturation, fertilization, and cleavage, are required to
understand how maternal-effect genes such as ZNFO regulate the maternal-to-zygotic transition.
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FIGURES

Figure 1. Cloning strategy and sequence analysis of bovine ZNFO gene. (A) Schematic
representation of bovine ZNFO cDNA and the cloning strategy used. (B) Schematic representation
of bovine ZNFO gene structure.
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Figure 2. Tissue distribution of ZNFO mRNA. RT-PCR analysis of the novel ZNFO throughout
various bovine tissue reveals that ZNFO is restricted to oocyte-rich fetal ovaries. Bovine RPL19
was used as an internal control.
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Figure 3A & 3B. Analysis of ZNFO mRNA expression by RT-PCR. A. Bovine ZNFO mRNA
is expressed only in oocyte-rich fetal ovaries and not surrounding granulosal cells or thecal cells.
B. Expression of ZNFO mRNA in GV oocyte through early embryonic development. ZNFO is
expressed from GV through 16-cell embryo. Expression of ZNFO is diminished in morula and
blastocyst. (GV = germinal vesicle; MII = meiosis II). Bovine RPL19 was used as an internal
control.
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Figure 3C. Analysis of ZNFO mRNA expression by RT-PCR. C. ZNFO mRNA in fetal ovaries
from gestational days 90-250. ZNFO is expressed in fetal ovaries throughout gestation. Bovine
RPL19 was used as an internal control.
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Figure 4. Structure of ZNFO. (A) Secondary structure of ZNFO. (B) Primary amino acid
sequence of bovine ZNFO. The predicted zinc finger domains are in bold, and the KRAB region
is underlined. Numbers are shown for the amino acid sequence. (C) Alignment of the amino acid
sequences of the zinc finger domains. ZNFO possesses nine C2H2 zinc fingers (ZF1–ZF9)
conforming to the C2H2 consensus, CX2-4CX3(F/C)X5(F/L)X2HX3–4H, in which X represents any
amino acid
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Figure 5. ZNFO promoter region. Location of the transcription factor binding sites and CpG
sites in the promoter region of ZNFO.
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Figure 6. Expression of bovine ZNFO mRNA and protein during oocyte maturation and
early embryonic development. (A) Relative abundance of ZNFO mRNA in bovine oocytes and
in vitro produced bovine early embryos: GV- and MII-stage oocytes, pronuclear, 2-cell, 4-cell, 8cell, 16-cell, morula, and blastocyst-stage embryos. ZNFO transcript levels were normalized
relative to abundance of exogenous control (GFP) RNA and are shown as mean ± SEM (n = 4
pools of 10 embryos/stage). Different letters indicate statistical difference (P < 0.05). (B) Analysis
of ZNFO protein expression in bovine oocytes by Western blot analysis using an antibody
specifically against ZNFO (50 oocytes per lane). ZFI, zona-free immature oocytes; ZFM, zonafree mature oocytes; DI, denuded immature oocytes; DM, denuded mature oocytes.
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Figure 7. Intrafollicular localization of ZNFO protein. Immunohistochemical localization of
ZNFO to the oocytes of calf ovaries in primordial (A), primary (B), secondary (C), early antral
(D), and antral/pre-ovulatory (E) follicles. No signal staining was observed in oocytes incubated
in the absence of anti-ZNFO antibody (F). Gray bars, 20 µM; white bars, 50 µM.
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ABSTRACT

Zinc finger (ZNF) transcription factors interact with DNA through zinc finger motifs and
play important roles in a variety of cellular functions including cell growth, proliferation,
development, apoptosis, and intracellular signal transduction. One-third of ZNF proteins in
metazoans contain a highly conserved N-terminal motif known as the KRAB domain, which acts
as a potent, DNA-binding dependent transcriptional repression module. Identification and
characterization of the novel ZNFO revealed it is a KRAB-containing maternal-effect gene found
exclusively in bovine oocytes. To test the functional role of ZNFO, zygotes were generated by in
vitro maturation and fertilization of oocytes, and injected with small interfering RNA (siRNA)
designed to knockdown ZNFO. Cleavage rates were not affected by ZNFO siRNA injection (P >
0.05). However, embryonic development to 8- to 16-cell stage and blastocyst stage was
significantly reduced relative to the uninjected and negative control siRNA-injected embryos (n =
3 replicates; 25-30 embryos/treatment; P < 0.05). Further, interaction of ZNFO with the highly
conserved transcriptional repressor co-factor (KAP1) was demonstrated by GST pull-down, and
evidence supporting transcriptional repression by ZNFO using a GAL4-luciferase assay. In
addition, transfection studies verified that a ZNFO-GFP fusion protein localizes specifically to the
nucleus, further supporting proposed function in transcriptional regulation. Results of described
studies demonstrate that ZNFO is a maternally-derived oocyte-specific factor required for early
embryonic development in cattle, and that ZNFO functions as a transcriptional regulator required
during early embryonic developmental events by repressing transcription, possibly controlling
activation of the embryonic genome.
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INTRODUCTION
Early embryonic development is one of the most critical periods in mammalian
development and is composed of several important transitions including replacement of maternal
RNAs with zygotic RNAs, compaction, the first lineage differentiation into the inner cell mass and
trophectoderm and, finally, implantation. Various physiological processes and biosynthetic
changes regarding genomic activity take place during this early time. Among these events is the
first important developmental transition that occurs following fertilization at which time the
embryo switches from using transcripts derived from the maternal genome to those synthesized by
the zygote as the result of embryonic genome activation (EGA)1. Mammalian oocytes accumulate
a vast collection of mRNA and proteins throughout oogenesis that mediate subsequent embryonic
development. During oocyte meiotic maturation and the early stages of embryonic development
the transcriptional machinery for this collection of molecules is silent until EGA initiates
transcriptional activity within the embryonic nucleus. The onset of EGA is a species-specific event
that takes place during the first few cell cycles post-fertilization around the 8- to 16-cell stage in
bovine embryos2,3 and several cycles later than observed for the mouse (2-cell stage) or human (4to 8-cell stage)4,5. Therefore, any developmental events required for early embryogenesis (i.e.
meiotic maturation, fertilization, initial cleavage divisions, and programming of EGA) prior to the
onset of EGA are regulated by the translation of pre-existing maternal transcripts6. Following onset
of EGA the destruction of maternal mRNAs begins by maternally encoded products 6,7.
One third of the various conserved domains that contribute to C2H2-ZNF protein function
contain the Krüppel-Associated Box (KRAB) domain8, making KRAB-ZNFs the single largest
group of transcriptional repressors in the genomes of higher organisms. The KRAB domain is a
potent transcriptional repression module responsible for DNA binding-dependent gene silencing
activity and is located at the amino-terminal end of most C2H2 zinc finger proteins9,10. When
tethered to DNA via its zinc finger motifs, the KRAB domain of KRAB-ZNF proteins recruits and
interacts with the corepressor protein, KRAB-associated protein 1 (KAP1)11,12, which is an
absolute requirement for KRAB-containing zinc finger proteins to bind to and mediate
transcriptional repression. Upon binding to DNA, KAP1 functions as a scaffold to form a multi83

molecular complex at the promoters of target genes by recruiting various heterochromatininducing factors such as heterochromatin protein 1 (HP1)13, the nucleosome remodeling and
histone deacetylation (NuRD) complex14, the histone methyltransferase SET domain, bifurcated 1
(SETDB1)15, the nuclear receptor corepressor complex 1 (N-CoR1)16, and during early embryonic
development, de novo DNA methyltransferases17. This complex induces transcriptional silencing
by condensing chromatin. As a powerful transcriptional repressor, most members of the KRABZNF family have diverse functional roles in nearly all tissues and a variety of cellular functions,
including cell proliferation and differentiation, metabolism, apoptosis, neoplastic transformation,
cell cycle regulation, and regulation embryonic development8,18.
Based on the observed early embryonic expression pattern characterizing ZNFO as a
maternal-effect gene, it was hypothesized that this novel C2H2 KRAB-containing zinc finger has
a distinct and essential role in the development of the early bovine embryo through a transcriptional
regulation mechanism. The objectives of this study were 1) to determine the role for ZNFO in the
development of early embryogenesis in cattle and 2) to confirm the transcriptional mechanism that
regulates ZNFO function.
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MATERIALS AND METHODS
Plasmid Construction
For the preparation of glutathione S-transferase (GST) fusion recombinant protein, fulllength ZNFO cDNA was cloned into pGEX-4T1 (GE Healthcare, Salt Lake City, UT) using SmaI
and XhoI sites (ZNFO:pGEX-4T1). The KAP1 ORF was amplified and subcloned into pcDNA3.1
(Invitrogen, Carlsbad, CA), containing a carboxy-terminal FLAG-tag, by HindIII and BamHI
restriction sites. The resulting FLAG-KAP1:pcDNA3.1 construct was transfected into the
HEK293 cell line. For expression of a green fluorescent protein (GFP) fused to ZNFO, the fulllength ZNFO sequence was amplified by PCR from the ZNFO:pGEX-4T1 target and inserted into
pcDNA3-EGFP expression plasmid (Addgene, Cambridge, MA; catalog #13031) using KpnI and
XhoI restriction sites (ZNFO:pEGFP). The mutation derivative of ZNFO lacking the RHRK
sequence was subcloned into pGEM-Teasy (Promega, Madison, WI) and then cloned into
pcDNA3-EGFP (ZNFO_RHRK:pEGFP). Deletion constructs expressing ZNFO proteins lacking
all 9 zinc fingers (ZNFOΔ1-9), the last 6 zinc fingers (ZNFOΔ4-9), and the last 3 zinc fingers
(ZNFOΔ7-9) were generated by amplifying ZNFO using the same gene-specific forward primer
in combination with different reverse primers that target different sites in the zinc finger region.
All deletion constructs generated using the same KpnI and XhoI restriction sites. The luciferase
assay construct was generated by amplifying full-length ZNFO containing sites for SalI and KpnI
and fusing to the carboxy-terminal end of GAL4. All clones were confirmed by sequencing.
Primers for restriction-containing primers are listed in Table 1.
Expression and Purification of Glutathione S-Transferase Fusion Protein
The GST-fused ZNFO protein was transfected into Escherichia coli Rosetta (DE3)pLysS
(Novagen, Madison, WI) strain. Bacterial cultures were induced with 2.5 mM isopropyl β-Dthiogalactopyranoside at 28°C for 8 h. Bacterial pellets were collected by centrifugation and
bacteria were lysed in equilibration/wash buffer (125 mM Tris and 150 mM sodium chloride, pH
8.0 (Pierce, Rockford, IL)) by sonication on ice for 10 sec, 12 times (10 sec on, 10 sec off) at 30%
amplitude. The clear lysate was incubated and passed through an immobilized glutathione column
(Pierce). After washing several times with equilibration/wash buffer, the recombinant protein was
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eluted by the addition of 20 mM glutathione to the buffer. The eluted protein was concentrated by
Microcon centrifugal filter devices (Millipore, Bedford, MA). A portion of the proteins from
various steps were electrophoresed through an SDS-PAGE gel and stained with Coomassie
brilliant blue for analysis.
GST Pull-Down Assay
Equal amounts (2 µg) of GST or GST-fused ZNFO proteins were immobilized on 100 uL
of glutathione beads (Pierce) in 0.3 mL of equilibration/wash buffer (above). After incubation for
1 hr at 4°C, beads were washed and incubated with FLAG-KAP1 cell lysate overnight at 4°C. The
beads were washed thoroughly, then boiled in Laemmli buffer (containing β-mercaptoethanol) and
resolved by SDS-PAGE, followed by Western blot analysis using FLAG-tag primary antibody and
infrared fluorescent secondary antibody and visualized on an Odyssey system (Li-COR, Lincoln,
NE).
Cell Culture and EGFP Reporter Assay
A HEK293 cell line was cultured in DMEM supplemented with 10% (v/v) fetal bovine
serum (FBS) in a humidified 5% (v/v) CO2 incubator at 37°C. The day before transfection, cells
were seeded on coverslips in a 6-well plate. Transfection of ZNFO:pcDNA3-EGFP and the empty
control plasmid (pcDNA3-EGFP) were performed with X-treme Gene 9 (Roche, Indianapolis, IN)
at optimized ratios of 3:1 (uL of transfection reagent: ug of plasmid DNA). Twenty-four h after
transfection, cells were washed with PBS and fixed with methanol at RT for 5 min. Seeded
coverslips were placed on slides and sealed with ProLong® Gold antifade reagent with DAPI
(4’,6-diamidine-2’-phenylindole dihydrochloride; Life Technologies, Carlsbad, CA). Fluorescent
images were taken with a Zeiss M1 microscope with an X-Cite fluorescence generator using
AxioVision software version 4.8.2.
Luciferase Assay
Cells were grown to 70% confluency in 6 well plates and transfected with the reporter and
gene constructs using X-treme Gene 9 (Roche) at optimized ratios of 3 uL of transfection reagent
per 0.5 ug of plasmid DNA (either pBIND empty vector (GAL4-empty) or ZNFO:pBIND (GAL486

ZNFO)) plus 300 ng luciferase reporter vector (pG5luc). After 48 h, cells were split into a 96 well
plate and the reactions were carried out using the Dual Glo Luciferase Assay system (Promega)
according to the manufacturer’s instructions. Relative luciferase activity was calculated as firefly
luciferase activity divided by Renilla luciferase activity. Luminescence was measured using
Phoenix GENios Microplate Reader. All experiments were repeated in triplicate. Differences were
determined by Student’s t-test, or by Tukey-Kramer for the dose-response experiment, with P <
0.05.
Site-Directed Mutagenesis
Mutagenesis of the predicted nuclear localization signal (NLS) from the amino acid
sequence RHRK to RHAA was performed by a two-step PCR method. Briefly, the fragment on
either side of the RHRK DNA sequence (AGACATAGGAAA) was amplified with the RHAA
DNA sequence introduced (AGACATGCCGCA) as part of the primer design (Table 1). The
resulting amplicons were gel purified, combined in reaction buffer, and incubated at 95°C for 10
min and allowed to slowly cool to RT. A PCR reaction lacking primers was done with the
following conditions: 60°C for 10 min, 20 cycles of 95°C for 1 min and 60°C for 10 min. The
product was subjected to a final PCR reaction with primers for the full-length ORF and such
conditions: 95°C for 5 min, 35 cycles of 95°C for 30 sec, 66°C for 3 min, and 72°C for 2 min 20
sec, followed by 72°C for 10 min. The complete product was gel purified and subcloned.
RNA Interference (RNAi) Experiments
Knockdown of endogenous ZNFO in bovine embryos was performed via microinjection
of ZNFO small interfering RNA (siRNA). RNAi experiments were conducted according to
previously published procedures19-22 with modifications noted herein. The publicly available
siRNA design algorithm (siRNA target finder; Ambion, Austin, TX) was used to design three
distinct siRNA species targeting the open reading frame of bovine ZNFO mRNA (designated as
siRNA species 1, 2, and 5, respectively). The candidate siRNA species were interrogated by using
the basic local alignment tool program (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to rule out
homology to any other known genes in the bovine expressed sequence tag and genomic database.
The ZNFO siRNA species were generated commercially (Integrated DNA Technologies,
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Coralville, IA). The sense and antisense oligonucleotide template sequences for the siRNA species
are given in Table 1. Procedures for in vitro maturation of oocytes (obtained from abattoir-derived
ovaries), in vitro fertilization to generate zygotes for microinjection, and for subsequent embryo
culture were conducted basically as described elsewhere23. Presumptive zygotes collected at 16–
18 h post insemination (hpi) were used in all microinjection experiments. Each individual siRNA
species was validated for efficacy of ZNFO mRNA knockdown in early embryos. Presumptive
zygotes were microinjected with approximately 20 pL of individual ZNFO siRNA species (25 µM
concentration each). Uninjected embryos and embryos injected with a negative siRNA (universal
control no. 1; Ambion) were used as control groups (n = 3 pools of 20 embryos per treatment).
Efficacy of ZNFO siRNA in reducing ZNFO protein in early embryos was determined by
microinjection of ZNFO eight-cell embryos collected 48 hpi (n = 20 embryos per group). The
development of the uninjected or injected embryos (with ZNFO siRNA or negative control siRNA)
was evaluated by recording the proportion of embryos that cleaved (48 h after insemination),
reached eight- to 16-cell stage (72 h after insemination) and blastocyst stage (7 d after
insemination). Each group contained 25-30 embryos per treatment (n = 3 replicates). Percent data
were transformed to ArcSine. Differences in treatment means for % cleaved and % blastocyst were
compared using Kruskal-Wallis; % 8-16 was normally distributed by one-way ANOVA and
differences compared using Tukey-Kramer. Data are expressed as mean ± SEM from three
replicates (n = 25-30 zygotes per treatment per replicate). Values with different letters across
treatments indicate significant differences (P < 0.05).
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RESULTS
ZNFO is Required for Bovine Early Embryonic Development
To investigate the function of ZNFO in early embryonic development, RNAi experiments
were performed to reduce the expression of ZNFO in bovine embryos. Three ZNFO siRNA species
targeting different regions of the ZNFO transcript were produced in vitro, and initial experiments
were performed to test the efficacy and specificity of the siRNAs in silencing ZNFO (data not
shown). siRNA species 5 was able to significantly reduce ZNFO mRNA in 4-cell embryos (Figure
1A; P < 0.05) relative to the uninjected and negative siRNA controls.
To determine whether knockdown of ZNFO in bovine embryos has an effect on embryonic
development, ZNFO siRNA was microinjected into in vitro fertilized oocytes and the resulting
cleavage rate of zygotes, and proportion of embryos developing to 8- to 16-cell stage and blastocyst
stage was examined. Injection of ZNFO siRNA did not affect the cleavage rate (Figure 1B) but
reduced the proportion of embryos developing to 8- to 16-cell stage (Figure 1C) relative to
uninjected and negative control siRNA-injected embryos (P < 0.05). Likewise, ZNFO siRNA
injection decreased the proportion of embryos developing to the blastocyst stage compared with
the uninjected and negative control siRNA-injected embryos (P < 0.05; Fig 1D). These results
clearly demonstrate an impaired ability of bovine zygotes to reach the blastocyst stage with
knockdown of ZNFO, placing an important functional requirement of ZNFO during bovine early
embryogenesis.
Interaction of Bovine ZNFO Protein with Bovine KAP1
The hypothesis that ZNFO functions as a transcriptional repressor is largely based on the
identification of a KRAB domain located within ZNFO at the N-terminal end. The KRAB domain,
and specifically KRAB-containing zinc finger proteins, are well-established interacting partners
of KAP1 proteins11,12,24,25. The highly conserved function of KAP1 illustrates an event in which
KAP1 recruits several co-factor complexes upon binding C2H2 zinc finger proteins and
subsequently repress transcription by inducing heterochromatin formation26. Therefore, a GST
pull-down assay was performed to determine whether bovine ZNFO does interact with KAP1;
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ZNFO was fused to the C-terminus of GST and tested for the ability to bind KAP1. Purified GSTfused ZNFO was confirmed by SDS-PAGE analysis (Figure 2, bottom panel). The in vitro-binding
assay showed that KAP1 had a strong binding affinity for ZNFO but not with the GST protein
control (Figure 2, top panel). Furthermore, by removing the KRAB domain, KAP1-FLAG was not
immunochemically detectable, illustrating that the KRAB domain is the required interaction
interface for ZNFO and KAP1 binding.
Involvement of ZNFO in Transcriptional Repression
Based on the fact that ZNFO harbors a highly conserved KRAB domain and was just
confirmed to interact with the repression associated KAP1 co-factor, it seemed quite likely that
ZNFO is a functional transcriptional regulator. To test the effect of ZNFO on transcription, a
reporter system was used that contains firefly luciferase driven by a viral promoter proximal to
five copies of GAL4-binding sites (pG5luc; Fig 3A). The pG5luc reporter was transiently
introduced into a HEK293 cell line along with a construct expressing the full-length ZNFO fused
to the GAL4-DNA binding domain (GAL4-DBD) or the GAL4 expression vector alone (GAL4empty). Compared to GAL4-empty vector, GAL4-ZNFO decreased the promoter activity of the
reporter plasmid (Fig 3B). As expected, co-transfection of GAL4-ZNFO with GAL4-empty at
differing concentrations did not exhibit a dose-dependent effect in luciferase activity, although
addition of the GAL4-empty vector did interfere with GAL4-ZNFO activity at any concentration
(Fig 3C). These results suggest that ZNFO possesses intrinsic transcriptional repressive activity.
Subcellular Localization & Nuclear Localization Signal
To gain insight into the biological function of the ZNFO protein, subcellular localization
was examined by fusion of green fluorescent protein (GFP) to the C-terminus of ZNFO for EGFP
reporter assay. Fluorescent imaging in HEK296 cells indicated that overexpressed ZNFO is
primarily localized in the nucleus, suggesting that ZNFO functions as a nuclear protein (Figure
4.1b). Further, the subcellular localization of ZNFO was compared with a derivative form of ZNFO
that was mutated at the predicted NLS (ZNFO_RHRK). Consistent with the previous observation,
the wild-type ZNFO (ZNFOwt), which displayed the typical diffuse nucleoplasmic staining,
ZNFO_RHRK also displayed a prominent nuclear staining pattern (Figure 4.1c). Both variations
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were in contrast to the control empty GFP protein vector that showed clear cytoplasmic expression
(Figure 4.1a). Therefore, the predicted RHRK NLS sequence does not seem to be the NLS for
ZNFO.
Three constructs, each containing three different sets of zinc finger motifs, were created
in an attempt to narrow the location of the region of the NLS. When the C-terminal zinc finger
motifs were removed, either zinc finger motifs 7-9 or 4-9 (ZNFOΔ7-9 or ZNFOΔ4-9), subcellular
localization remained specific to the nucleus (Fig 4.2e and f). Following removal of zinc fingers
1-9 (ZNFOΔ1-9), however, cytoplasmic localization was observed that is distinct from that of fulllength ZNFO, ZNFOΔ4-9, or ZNFOΔ7-9 (Fig 4.2d). Although the true NLS has yet to be
identified, it seems highly likely to be located within the first three zinc finger motifs of ZNFO.
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DISCUSSION
The results herein indicate that expression of the oocyte-specific ZNFO is required for
development of the early bovine embryo. Biochemical experimentation showed that ZNFO is
localized in the nucleus, has the ability to interact with a key transcriptional repressor co-factor
KAP1, and, indeed, represses gene transcription. Thus, these studies suggest that ZNFO may have
an essential role in regulating the maternal-to-zygotic transition by inducing transcriptional
silencing of genes involved in early embryonic development during- and post-EGA. Studies on
the roles of KRAB-containing zinc finger transcription factors and interaction with KAP1 show
that there are various effects during embryonic developmental processes including maintenance of
the imprinting of genes, maturation of bone cells and hematopoiesis, and regulation of convergent
extension in mouse embryo27-29. Although these factors have begun to uncover a few of the
complex functional requirements of ZNFs in early embryonic development, they are focused on
mouse and human models.
Results of the present study clearly support a functional role of ZNFO in early embryonic
development in a livestock species and demonstrate that ZNFO knockdown dramatically impaired
development to the blastocyst stage. Bovine in vitro culture systems demonstrate that a
developmental block arises around the 8-cell stage in most embryos, and, thus, EGA is considered
to be the most critical event for early developmental viability30. The results further suggest that
ZNFO may be required during the early stages of embryonic development before activation of the
embryonic genome, because ZNFO siRNA injection significantly reduced the development of
embryos at the 8- to 16-cell stages. Before activation of the embryonic genome at the 8-cell stage
the occurrence of minor EGA has been shown to take place as early as the 2-cell stage in bovine3,
a transition that is necessary for genome reprogramming and acquisition of totipotency by the
embryo31. Although ZNFO knockdown has little effect on initial embryo cleavage divisions, it
possibly plays roles in these early stages. As ZNFO appears to conform to the classic maternaleffect gene expression pattern, possibly maternal ZNFO protein, maintained from the GV or MII
oocyte, continues to mediate and contribute to the minor EGA functions, because, as a protein, it
would have escaped transcript knockdown at the zygotic injection. The idea that ZNFO could
regulate several aspects of the maternal-to-zygotic transition (MZT) in a differential way, from
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transcript control in the oocyte to EGA in the embryo, stems from the reported observations of
other maternal-effect genes.
Oocyte maturation includes several morphological changes accompanying the progression
of meiosis from prophase I to metaphase II. These changes lead the oocyte to a stage of
chromosome condensation and transcriptional silencing, which will last until EGA32.

The

molecular mechanisms of KRAB-ZFP-mediated transcriptional regulation requires interaction
with chromatin-remodeling factors. The universal co-repressor KAP1 acts as a scaffold for
chromatin-modifying complexes and chromatin remodeling activities by recruitment to the
promoters of target genes and initiating ATP-dependent activities that modify chromatin. KAP1
harbors an N-terminal RBCC region that is responsible for KRAB domain binding11, while the
central HP1-binding domain and C-terminal tandem PHD-bromodomain (PB) are required for
gene silencing. The PB domain recruits factors found in the NuRD complex and SETDB1, which
mediate nucleosome remodeling and histone deacetylation, and trimethylation of histone H3 at
Lys-9, respectively, to create high affinity genomic binding sites for the KAP1-HP1 complex14,15.
The KRAB-ZNF-KAP1 complex then induces heterochromatin formation following recognition
of local cis-acting sequences13,26.
In this study, ZNFO demonstrated the ability to physically interact with KAP1, with high
affinity. By removal of the N-terminal KRAB domain, it was demonstrated that this region is
indeed the interaction interface responsible for interaction with KAP1. ZNFO also consistently
demonstrated the ability to repress transcription in the GAL4-reporter system. These results
suggest that ZNFO is abundantly expressed in cells as a negative regulator of transcription by
binding to the KAP1 co-factor. Further, ZNFO was localized only to the nucleus, supporting the
idea that ZNFO is involved in the regulation of zygotic transcriptional activity within the
embryonic nucleus around the time of EGA. In an effort to delineate the region responsible for this
nuclear localization, the software-predicted NLS was mutated; however, that particular
monopartite region was not responsible. What does seem to be important is the region within the
first three zinc finger motifs. Perhaps a Karyopherin (Importin) signal or non-canonical NLS signal
is located within that region of ZNFO. These observations suggest a model in which KRAB-ZFPKAP1-dependent recruitment of histone modifiers for histone methylation and formation of
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facultative heterochromatin act to achieve gene silencing. It is possible that ZNFO, as a
transcriptional repressor, regulates the important genes required for activation of the embryonic
genome.
Understanding the functions of the factors involved in the regulation of chromosome
condensation and transcriptional silencing are necessary to the study of oocyte maturation. Oocytespecific transcription factors are likely the critical switches that control oocyte maturation,
fertilization, and early embryo development. The oocyte is an absolutely incredible cell; able to
regulate ovarian follicular growth and then remodel upon fertilization into a totipotent zygote33.
These remarkable transitional events are dependent on transcripts and proteins that must be
synthesized prior to meiotic maturation. Oocytes that can achieve spontaneous maturation, upon
being liberated from follicles and placed in culture, clearly have acquired the molecules required
for resumption and completion of meiosis34. In order for an oocyte to become meiotically
competent, several inhibitory factors are required, most of which are not well understood. As a
potential transcriptional repressor, ZNFO may play a role in maintaining the arrested status during
oocyte meiosis. However, further experimentation of this novel model to specifically test the
functional role of maternal ZNFO in meiotic maturation and initial cleavage divisions post
fertilization is warranted.
The results presented in this study describe ZNFO as an oocyte-specific C2H2 KRAB-zinc
finger transcription factor that plays a key role in ensuring early embryo survival possibly by
regulating transcription through its established interaction with co-repressor KAP1. Clearly,
ZNFO is required for early embryonic development and is present throughout oocyte maturation
and follicular development. A distinct biochemical mechanism of transcriptional regulation by
ZNFO has been identified; however the important downstream interactions and effects have yet to
be elucidated. The studies presented here have identified, characterized, and established a
physiological necessity, as well as identified a co-factor interaction that implicates a silencing
mechanism involving the novel bovine KRAB-containing ZNFO transcription factor.
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FIGURES

Figure 1. Effect of RNAi-induced ZNFO knockdown on early embryonic development. (A).
Effect of ZNFO siRNA microinjection on abundance of ZNFO mRNA in 4-cell embryos
determined by real-time PCR. Data were normalized relative to abundance of GFP. Proportion of
embryos that cleaved within 48 h after fertilization (B) developed to 8- to 16-cell stage (C) and
developed to blastocyst stage (D). Uninjected embryos and embryos injected with a nonspecific
siRNA were used as controls. Data are expressed as mean ± SEM (n = 3 replicates; 25-30
embryos/treatment). Values with different letters across treatments indicate significant differences
(P < 0.05).
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Figure 2. In vitro interaction of bovine ZNFO protein and bovine KAP1 by GST pull-down
assay. (A). The GST pull-down assay. Overexpressed KAP1 cell lysate was incubated with
immobilized GST proteins: either GST-ZNFO fusion protein with the KRAB domain removed
(ZNFOΔK), GST-ZNFO (full length-ZNFO), and the empty vector GST protein. Western blot
analysis, using antibodies against the Flag-tagged KAP1 protein, was used to detect the eluted
ZNFO and KAP1 interactions. (B). Coomassie blue-stained SDS-PAGE gel confirming purified
GST and GST-ZNFO fusion proteins at the correct molecular weights (arrowheads).
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Figure 3. Transcriptional repression by ZNFO. (A). Schematic representation of the reporter and
expression vectors used in the luciferase assay. The pG5luc reporter vector contains the firefly
luciferase gene and five GAL4-binding sites. The ZNFO gene is fused to the GAL4-DNA-Binding
Domain. Dark shaded boxes represent zinc finger domains. (B). Transcription repression by ZNFO.
HEK293 cells were transfected with 500 ng GAL4-ZNFO or GAL4-empty expression plasmid,
together with 500 ng luciferase reporter. (C). Dose response of transcription repression by ZNFO.
HEK293 cells were transfected with 0, 50, 100, or 500 ng GAL4-ZNFO expression plasmid, each
supplemented with GAL4-empty to 500 ng total, together with 300 ng of the luciferase reporter. Fortyeight hours later luciferase activity was measured. Relative luciferase activity was calculated as firefly
luciferase activity divided by Renilla luciferase activity and shown relative to control GAL4-empty
vector. Each graph represents mean ± s.e., and all experiments were performed in triplicate. Significant
differences were determined by Student’s t-test (*; B) or one way ANOVA followed by Tukey-Kramer
(differing letters; C), with P < 0.05.
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Figure 4.1. Nuclear localization of bovine ZNFO protein. HEK293 cells transiently transfected
with (a) a GFP protein empty vector (Empty), (b) a GFP-fused ZNFO (ZNFOwt) or (c) a GFPZNFO with a mutation to the predicted NLS sequence (RHRK mutated to RHAA; ZNFO_RHRK)
for fluorescent microscopic analysis. ZNFOwt and mutated ZNFO_RHRK both specifically
localized to the nucleus, compared to the empty vector GFP control that was both cytoplasmic and
nuclear.
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Figure 4.2. Nuclear localization of bovine ZNFO protein. (A) Schematic representation of the
expression constructs designed for the subcellular localization assay to determine the region of the
NLS. The ZNFO gene lacking all zinc finger motifs (ZNFOΔ1-9), fingers 4-9 (ZNFOΔ4-9), or motifs
7-9 (ZNFOΔ7-9) were fused to GFP. Dark shaded boxes represent zinc finger domains. (B) HEK293

cells transiently transfected with ZNFOΔ4-9 (e) or ZNFOΔ7-9 (f) localized specifically to the
nucleus as does ZNFOwt, but ZNFOΔ1-9 was observed in both cytoplasmic and nuclear
compartments.
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Preliminary Studies:
Determination of the Consensus Target Sequence Recognized by ZNFO

INTRODUCTION
The term “zinc finger” was first used as laboratory jargon after the discovery of a
remarkable 30-residue, repeated sequence motif found in an unexpectedly abundant Xenopus
laevis transcription factor, because it folded around a zinc ion to form a mini-domain that grasped
the DNA1. Zinc finger (ZNF) transcription factors are known to interact with DNA through zinc
finger motifs and play important roles in a variety of cellular functions, including cell growth,
proliferation, development, apoptosis, and intracellular signal transduction2. One-third of ZNF
proteins contain a highly conserved N-terminal motif known as the KRAB domain3, which acts as
a potent, DNA-binding dependent transcriptional repression module4. Members of the KRABcontaining protein family bind DNA through their C2H2 zinc finger domains; two cysteine and
two histidine residues tetrahedrally coordinate a zinc ion to fold the domain into the finger-like
projection5. Within the 30-amino acid repeat of an individual zinc finger motif, a high
concentration of basic and polar residues lies between the second cysteine and the first histidine
implicating this region as the specific nucleic acid binding region6.
Binding of the zinc finger motifs occurs though sequence-specific DNA recognition to the
promoter regions of genes2. Of all the confirmed target DNA binding sequences recognized by
ZNFs, not one, or even several, conserved consensus sequences exist for zinc fingers as a family.
Considering the vast number of known C2H2 ZNFs and the highly conserved structure of the
C2H2 motif, it may seem surprising that each zinc finger protein binds a specific DNA sequence
recognized uniquely by itself. However, considering the immense functional diversity of ZNFs it
is not unexpected that such sequence-specific binding diversity exists. It is variations to key amino
acid residues of the finger domains, spacing, and number of zinc finger motifs that allow for such
distinction and specificity6,7.
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Based on the well-conserved functions of KRAB-containing ZNF transcription factors and
the observations that ZNFO functions as a transcriptional regulator required during early
embryonic developmental events, it is hypothesized that ZNFO mediates downstream activity of
potential targets through a cis-acting ZNFO consensus recognition sequence. The objective of this
study was to identify potential ZNFO DNA binding elements (ZBEs) for the purpose of
determining a specific molecular function of ZNFO within the developing bovine embryo.

MATERIALS AND METHODS
Plasmid Construction
For the preparation of glutathione S-transferase (GST) fusion recombinant protein, a partial
ZNFO fragment containing the zinc finger motifs (1233 bp- 2145 bp of the ORF; the entire Cterminal portion) was cloned into pGEX-4T1 (GE Healthcare, Salt Lake City, UT) using SmaI and
SalI sites (ZNFOΔk:pGEX-4T1). The clone was confirmed by sequencing. Primers for restrictioncontaining primers are listed in Table 1.
Expression and Purification of Glutathione S-Transferase Fusion Protein
The GST-fused ZNFOΔk protein was transfected into Escherichia coli Rosetta
(DE3)pLysS (Novagen) strain. Bacterial cultures were induced with 2.0 mM isopropyl β-Dthiogalactopyranoside at 35°C for 5 h. Bacterial pellets were collected by centrifugation and
bacteria were lysed in equilibration/wash buffer (125 mM Tris and 150 mM sodium chloride, pH
8.0 (Pierce)) by sonication on ice for 10 sec, 12 times (10 sec on, 10 sec off) at 30% amplitude.
The clear lysate was incubated and passed through an immobilized glutathione column (Pierce).
After extensively washing with equilibration/wash buffer, the recombinant protein was maintained
on the beads and stored at 4°C temporarily. A portion of the proteins from various steps were
electrophoresed through an SDS-PAGE gel and stained with Coomassie brilliant blue for analysis.
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Cyclic Amplification and Selection of Target (CASTing) Assay
A library of single-stranded oligonucleotides containing a 20 bp random core sequence
flanked

on

each

side

by

23

bp

(5’-CAGAGAGCATGTTATGATGGACA-N20-

CAAGGACGTGAATCAAATAGGGA-3’) was generated. Double-stranded oligonucleotides
were prepared by incubating 400 pmol of the library in a polymerase reaction buffer containing
1200 pmol of reverse primer (5’-TCCCTATTTGATTCACGTCCTTG-3’), 10 µM of each
deoxynucleoside triphosphate, and 5 units of Taq polymerase and amplified by the following
program: 3 min at 95°C, 10 min at 65°C, and 20 min at 72°C. The double-stranded oligonucleotides
were purified using QIAquick nucleotide removal kit (Qiagen). The first round of capture was
performed by mixing the library with 100 µl of GST-fused ZNFO bound to glutathione beads in
150 µl of a 2X binding buffer containing 50 mM Tris, 200 mM KCl, 2 mM MgCl2, 10 mM DTT,
10% Glycerol, 200 uM ZnCl2, 0.2% Tween20, 200 ug/mL poly (dI-dC), and 2 mg/mL BSA. After
incubating for 60 min at RT with continual rotation, the beads were washed five times with cold
1X binding buffer without poly (dI-dC) and then boiled for 7 min in 30 µl sterilized H2O. The
eluted nucleotides were then amplified by PCR and subsequently used for a second round of
selection. After seven rounds of amplification, PCR products were purified and exposed to
Illumina paired-end sequencing.
Bioinformatic Analysis
Illumina sequencing generated ~518,000 reads. Using Trimmomatic software8, all adapterand flanking sequences were removed. All reads were then simultaneously analyzed by BLAST
among the collective group of reads. Several groups of similar sequence reads resulted, each with
18-30 reads. A consensus was generated from each group using MEME Suite 4.10.2 software9.

RESULTS AND DISCUSSION
To investigate the DNA-binding properties of ZNFO, cyclic amplification and selection of
targets (CASTing) analysis was performed using a double-stranded oligonucleotide library
containing a random core that was incubated with GST-fused ZNFO protein immobilized on
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glutathione-sepharose beads for seven rounds of high affinity selection. Each successive round of
selection enriched the oligonucleotide core sequence (Fig 1B). As shown in Fig 1B, the DNAbinding pattern of ZNFOΔk was enriched and then maintained with each round as compared to the
GST control in which an initial weak binding signal was detected the first round and then
completely diminished by the second round. The purified products were sequenced on an Illumina
platform.
Many cis-acting sites were identified as potential ZBEs (Fig 2). The ZBEs represent
consensus sequences recognized by ZNFO in order to bind and regulate potential target transcripts.
Several “TATA” patterned motifs were observed. It has been shown that the KRAB domain
silences both activated and basal promoter activity of TATA-containing promoters4. However, a
preliminary EMSA was carried out using several different probes containing the predicted TATA
sequences and has been unable to confirm a ZNFO protein-TATA sequence interaction.
Biochemically, the mode of DNA recognition by a finger is principally a one-to-one
interaction between individual amino acids from the recognition sequence of the α-helix to
individual DNA bases; specifically, amino acids at helical positions -1, 3, and 6 to three successive
triplet bases on one strand of the DNA, and helical position 2 to the complementary strand6. Hence,
each zinc finger motif is capable of contacting three to four nucleotides10. Each finger can function
as an independent module with its own triplet binding sequence. When several ZNF motifs are
linked in tandem, each with different triplet specificities, and together grasping DNA in a linear
fashion, a longer and distinctly unique DNA recognition sequence arises. Considering that these
transcriptional repressors typically use most of their collection of zinc fingers to bind DNA10, a
protein with 30 zinc finger domains, theoretically, could bind a DNA sequence of more than 60
nucleotides3. Translating that notion, the 9 zinc finger motif ZNFO is capable of binding
approximately 27 nucleotides (with a range of ~18-37 nt). The oligonucleotide probe designed for
this experiment only contained a 20 bp random core. Therefore, it is possible that 1) the TATA
sequences identified were accurate but simply aren’t complete and therefore cannot bind ZNFO
correctly for EMSA confirmation or 2) the derived ZBE sequences themselves are not accurate
because GST-ZNFOΔk could not locate the correct sequence as all provided sequences for
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recognition were too short. Another possible reason for lack of interaction may be because the fulllength ZNFO was not used here.

CONCLUSION
Results of described studies demonstrate that ZNFO is a maternally-derived oocytespecific factor required for early embryonic development in cattle, and possesses DNA-binding
ability, possibly by identified consensus sequences, but the consensus is yet to be identified.
Continuation of this study, or repeating it with the full-length ZNFO protein and using an oligo
probe with a larger random core, would be useful in combination with electrophoretic mobility
shift assay (EMSA) to confirm a target sequence recognized by ZNFO. By determining a target
sequence recognized by ZNFO, the ZBE can be aligned to the bovine genome to uncover the genes
regulated by ZNFO.
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FIGURES

Figure 1. Determination of the ZNFO consensus DNA binding sequence. CASTing assays
were performed and binding and amplification were done with GST or GST-ZNFOΔk fusion
proteins. (A) GST and GST-ZNFOΔk proteins induced in E. coli were stained with Coomassie
brilliant blue (left). Coomassie blue staining of GST and GST-ZNFOΔk proteins bound to
glutathione beads (right). (B) Results from PCR amplification of bound DNA. Five of seven
rounds are shown above. An arrow and arrowhead indicate GST and GST-ZNFOΔk proteins,
respectively.
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Figure 2. Examples of potential consensus binding sequences for ZNFO recognition.
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PROPOSED FUNCTIONS OF ZNFO
The first two chapters and Part I of Chapter 3 describe the data collected for ZNFO and
draw conclusions specifically based on such data. Here, I would like to expand those conclusions
and discuss the potential functional roles of ZNFO that I believe are sound possibilities.
Early Folliculogenesis
As demonstrated, the expression profile of ZNFO fits within the definition of a maternaleffect gene. Abundant expression of ZNFO was observed from the first appearance of primordial
follicles during embryonic development through folliculogenesis to the pre-ovulatory oocyte in
the adult ovary. This illustrates the need for accumulating maternal stores of ZNFO transcripts and
also suggests a possible role of ZNFO in ensuring proper follicular development.
The early stages of follicle development are critical because many oocyte-specific genes
are transcribed during the primordial to primary follicle transition and continue to be expressed
throughout folliculogenesis. As identified by molecular genomic and gene knockdown studies,
several oocyte/germ-specific transcription factors such as Nobox1, Figla2, Sohlh1/23,4 and Lhx85,
and growth factors Gdf9 (Growth differentiation factor 9)6 and Bmp15 (bone morphogenetic
protein 15)7, which are found throughout folliculogenesis, but are shown to be absolutely necessary
for the primordial to primary transition, maintain normal development of germ cells and
surrounding somatic cells essential for mammalian folliculogenesis8-11.
Depletion of ZNFO during folliculogenesis is necessary to determine which stages of
follicular development are specifically directed by this novel factor. However, because knockout
studies are primarily done with rodent species for obvious reasons, and ZNFO is only found in the
bovine genome, this type of study becomes particularly challenging and was not performed here.
DNA Methylation and Pluripotency
Recall that maternal factors have several prominent roles during MET12,13, including
removal of maternal RNA and protein, reprogramming of male and female genomes, and
embryonic genome activation. Because of the period of transcriptional quiescence in early
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embryos before embryonic genome activation, maternal proteins stored during oogenesis are likely
required for epigenetic reprogramming in early embryos. Several maternal proteins have been
described as required factors for epigenetic reprogramming including Tet3 for active DNA
demethylation, DPPA3 for maintenance of DNA methylation, and H3.3 for reprogramming and
decondensation of chromatin12,13. Such nuclear reprogramming is a requirement to activate the
transcriptionally inactive embryonic genome. As a maternal-effect gene that was shown to be
required for embryo survival past the onset of EGA (8- to 16-cell stage), ZNFO may very likely
be involved in reprogramming the epigenome.
Dramatic methylation signature changes occur during early embryonic development. The
zygotic genome undergoes passive demethylation until the morula stage14, maintenance
methylation of ICRs occurs, and thereafter de novo methylation arrangements are established to
sustain successful cell lineage differentiation15,16. With such substantial and specific changes
occurring in such a narrow time frame, the frame of high ZNFO activity, it is possible that ZNFO
is a regulator or methylation-mediated control.
Epigenetic reprogramming is believed to resolve the discrepancy of maternal and paternal
chromatin and ensure the successful transition from differentiated to totipotent zygote. In bovine
embryos, minor EGA occurs as early as the 2-cell stage17, a transition that is necessary for
successful genome reprogramming and acquisition of totipotency by the embryo. Hence, ZNFO
could also be considered a potential factor required for the acquisition of pluripotency or even selfrenewal. Further, even though the ZNFO transcripts are no longer present following EGA, should
ZNFO as a functional factor still be present, it may have a role to play in differentiation of the
inner cell mass (ICM) from the trophectoderm. Following the gradual occurrence of EGA, a
recently proposed third successive overlapping wave of gene expression termed “midpreimplantation gene activation” (MGA) takes place, which may play a critical role in cell polarity
and the first cell lineage specification18.
Finally, the dramatic reprogramming of both male and female genomes leads to
adjustments in chromatin structure from a repressed chromatin state to one that is open for
transcription. If ZNFO is involved in reprogramming, it would also likely have an indirect role in
117

mediating other key factors required for EGA to occur by permitting or restricting their access to
regulatory elements of the genome.

CONCLUSIONS
Indeed, there are many possible functions of ZNFO and several have been proposed here,
but it is not entirely uncommon for a protein to have more than one critical function. Consider
FIGLA (Factor In the Germline Alpha); primordial follicles cease to develop in Figla knockouts
and expression of the zona pellucida genes Zp1, 2, and 3 is diminished in Figla depleted ovaries2.
Therefore, FIGLA is required early in folliculogenesis for the primordial to primary transition,
and, then, later in folliculogenesis for the development of the zona pellucida. Likewise, and based
on the current experimental data observed, ZNFO is a repressive regulator of transcription required
for early embryogenesis likely by regulating early folliculogenesis and mediating DNA
methylation and pluripotency of bovine embryos.
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